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A AS  IK ACT 


In  order  to  co  ipT otely  understand  the  behavior  of  a  dynamical ly 
changing  ice  crystal  as  it  falls  through  a  supercooled  cloud,  the  s i .■  j1  - 
taiieous  determination  of  the  crystal  size,  mass,  apparent  density,  und 
fall  velocity  is  desirable.  Based  on  the  experience  obtained  in  our 
two  previous  ice  crystal  growth  studies,  a  new  supercooled  cloud  tunnel 
has  been  developed.  It  has  successfully  demonstrated  the  capability  of 
accurately  simulating  the  crystal  growth  under  free-fall  conditions  in 
a  natural  supercooled  cloud.  The  new  vertically  converging  design  for 
the  w^rking/ob  .ervation  section  of  the  tunnel  permits  ice  crystals  to 
be  stably  sus[  ended  in  a  supercooled  cloud  airstream  for  indefinite 
lengths  of  time.  A  new  fog  chamber  is  used  to  make  the  supercooled 
fog  homogeneous  with  respect  to  droplet  number  and  concentration,  and 
temperature,  before  entering  the  working/observation  section.  A  method 
has  been  develiped  by  which  the  moisture  content  in  the  supercooled  fog 
can  be  controlled  and  held  constant.  The  flow  rate  through  the  working/ 
observation  section  is  controlled  by  a  specially  designed  valve  which 
also  maintains  the  total  flow  into  the  chamber  at  a  constant  level. 
This  configuration  keeps  the  supercooled  fog  condition  constant  through¬ 
out  an  experimental  run.  A  special  method  is  devised  to  preserve  the 
collected  it  ;  crystals  so  they  can  be  photographed  from  both  the  top 
and  side.  1  iis  method  also  allows  for  accurate  crystal  mass  determin¬ 
ation  by  me  ting.  The  flow  velocity,  and  therefore  crystal  fall 
velocity,  is  coitinually  measured  by  an  ol-ctiviic  :ano..et_r  ..hile  a 
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thermocouple  continual  ly  records  the  supercooled  fog  t.-u.per,iture. 


Using  this  new  apparatus,  growing  ice  crystals  were  freely 
suspended  in  the  supercooled  fog  for  periods  fro'n  throe  to  t>_n  minutes 
and  t ^ . iperatui  es  between  -3.0  to  -?3.Q°C.  Sirigle  and  double  places 
were  observed  about  -4.b°C,  col  ins  bet*,  on  -4.5  and  -7.0°C,  isometric 
crystals  (?a/c  -  1)  rear  9.0LC,  dendrites  bet-.  on  -13.0  ond  -16.0c,C, 
vaned  crystals  between  -16.0  and  -18.0°C,  and  complex  crystals  between 
-18.0  and  -23.0^0.  The  complex  crystals  appear  to  result  from  a  combin¬ 
ation  of  riming  growth  and  vapor  diffusion  growth.  The  maximum  crystal 
fall  vel  ocity  was  observed  near  -9.0°  where  the  isometric  crystals  were 
observed.  This  was  the  temperature  where  the  ice  crystal  mass  minimum 
and  the  ice  crystal  apparent  density  maximum  were  detected.  This  indi¬ 
cates  the  import. mce  of  thecrysttl  spatial  form  in  control  1  ing  the  fall 
velocity.  By  closely  observing  the  crystals  while  freely  suspended, 
it  was  found  that  columns  were  oriented  with  the  prism  faces  down  while 
at  the  same  time  rotating  horizontally  about  an  axis  perpendicular  to 
the  prism  plane.  Dendrites  and  plates  were  oriented  with  the  basal 
faces  down  while  at  the  same  ti .*  rotating  about  their  vertical  axis. 
The  speeds  of  rotation  became  larger  as  the  fall  velocity  increased. 
Dendrites  and  large  double  plates  were  aerodynamical ly  the  most  stable 
while  vaned  crystals  were  the  letst.  The  vanes  on  the  vaned  crystals 
did  not  begin  to  affect  the  ac-i  odynamic  characteristics  until  after 
five  to  six  minutes  of  growth. 
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ABSTRACT 


In  order  to  completely  understand  the  behavior  of  a  dynamically 
changing  Ice  crystal  as  it  falls  through  a  supercooled  cloud,  the  simul¬ 
taneous  determination  of  the  crystal  size,  mass,  apparent  density,  and 
fall  velocity  Is  desirable.  Based  on  the  experience  obtained  in  our 
two  previous  ice  crystal  growth  studies,  a  new  supercooled  cloud  tunnel 
has  been  developed.  It  has  successfully  demonstrated  the  capability  of 
accurately  simulating  the  crystal  growth  under  free-fall  conditions  in 
a  natural  supercooled  cloud.  The  new  vertically  converging  design  for 
the  working/ observation  section  of  the  tunnel  permits  ice  crystals  to 
be  stably  suspended  in  a  supercooled  cloud  airstream  for  indefinite 
lengths  of  time.  A  new  fog  chamber  is  used  to  make  the  supercooled 
fog  homogeneous  with  respect  to  droplet  number  and  concentration,  and 
temperature,  before  entering  the  working/ observation  section.  A  method 
has  been  developed  by  which  the  moisture  content  in  the  supercooled  fog 
can  be  controlled  and  held  constant.  The  flow  rate  through  the  working/ 
observation  section  is  controlled  by  a  specially  designed  valve  which 
also  maintains  the  total  flow  into  the  chamber  at  a  constant  level. 
This  configuration  keeps  the  supercooled  fog  condition  constant  through¬ 
out  an  experimental  run.  A  special  method  is  devised  to  preserve  the 
collected  ice  crystals  so  they  can  be  photographed  from  both  the  top 
and  side.  This  method  also  allows  for  accurate  crystal  mass  determin¬ 
ation  by  melting.  The  flow  velocity,  and  therefore  crystal  fall 
velocity,  is  continually  measured  by  an  electronic  manometer  while  a 


thermocouple  continually  records  the  supercooled  fog  temperature. 

Using  this  new  apparatus,  growing  fee  crystals  were  freely 
suspended  in  the  supercooled  fog  for  periods  from  three  to  ten  minutes 
and  temperatures  between  -3.0  to  -23.0°C.  Single  and  double  plates 
were  observed  about  -4.5°C,  columns  between  -4.5  and  -7.0°C,  Isometric 
crystals  (2a/c  a  1)  near  -9.0°C,  dendrites  between  -13.0  and  -16.0°C, 
vaned  crystals  between  -16.0  and  -18.0°C,  and  complex  crystals  between 
-18.0  and  -23.0°C.  The  complex  crystals  appear  to  result  from  a  combin¬ 
ation  of  riming  growth  and  vapor  diffusion  growth.  The  maximum  crystal 
fall  velocity  was  observed  near  -9.0°  where  the  isometric  crystals  were 
observed.  This  was  the  temperature  where  the  ice  crystal  mass  minimum 
and  the  ice  crystal  apparent  density  maximum  were  detected.  This  indi¬ 
cates  the  importance  of  the  crystal  spatial  form  in  controlling  the  fall 
velocity.  By  closely  observing  the  crystals  while  freely  suspended, 
it  was  found  that  columns  were  oriented  with  the  prism  faces  down  while 
at  the  same  time  rotating  horizontally  about  an  axis  perpendicular  to 
the  prism  plane.  Dendrites  and  plates  were  oriented  with  the  basal 
faces  down  while  at  the  same  time  rotating  about  their  vertical  axis. 
The  speeds  of  rotation  became  larger  as  the  fall  velocity  increased. 
Dendrites  and  large  double  plates  were  aerodynamically  the  most  stable 
while  vaned  crystals  were  the  least.  The  vanes  on  the  vaned  crystals 
did  not  begin  to  affect  the  aerodynamic  characteristics  until  after 
five  to  six  minutes  of  growth. 
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Chapter  1 


INTRODUCTION 

Ice  phase  processes  play  dominant  roles  In  producing  most  forms 
of  precipitation  that  occur  In  all  but  tropical  regions  of  the  earth 
(Mason,  1971).  In  liquid  phase  clouds,  condensation  by  Itself  Is  not 
usually  adequate  for  producing  precipitation.  By  condensation  alone, 
without  coalescence  process,  droplets  seldom  reach  a  size  large  enough 
to  fall  from  the  cloud  and  reach  the  ground  before  entirely  evaporating. 
It  wasn't  until  1935,  when  Bergeron  published  his  hypothesis,  that  the 
important  role  that  the  Ice  phase  processes  play  In  the  formation  of 
precipitation  became  widely  understood  and  accepted.  Bergeron  explained 
that  only  through  the  process  of  ice  crystals  growing  In  a  supercooled 
cloud  could  precipitation  elements  grow  to  a  size  large  enough  to  fall 
from  a  cloud  and  reach  the  ground.  If  the  temperature  above  the  ground 
is  entirely  or  predominantly  below  freezing,  some  type  of  frozen 
precipitation  results.  If  warm  layers  of  adequate  depth  exist,  the  Ice 
crystals  will  melt  before  reaching  the  ground  and  rain  results. 

Without  precipitation,  obviously  life  on  earth  could  not  exist. 
History  abounds  with  examples  of  the  rise,  fall,  and  forced  migration  of 
civilizations  as  a  result  of  the  lack  of  or  abundance  of  precipitation. 
Since  the  Ice  phase  processes  are  necessary  for  the  formation  of  pre¬ 
cipitation  over  much  of  the  earth's  surface.  It  is  necessary  that  we 
study  and  fully  understand  these  processes. 
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Until  recently  man  was  at  the  mercy  of  nature  to  provide  the 
necessary  precipitation  for  his  survival.  Over  the  past  few  decades, 
however,  use  of  weather  modification  techniques  have  shown  promise  In 
Inducing  and  augmenting  precipitation.  This  Is  of  particular  signifi¬ 
cance  In  the  arid  western  regions  of  the  United  States  where  Ice  phase 
precipitation  provides  most  of  the  water  supply,  primarily  In  the  form 
of  mountain  snowpack.  In  other  areas,  weather  modification  has  been 
used  In  an  attempt  to  suppress  crop  destroying  hailstorms.  A  full 
understanding  of  ice  phase  cloud  processes  Is  a  must  In  order  to  guide 
these  weather  modification  methods  to  a  success. 

Ice  phase  processes  also  significantly  Influence  atmospheric 
dynamics  through  releasing  or  absorbing  latent  heats  and  hydrometeor 
loading  (Mason,  1971;  Pruppacher  and  Klett,  1978).  Additional  develop¬ 
ment  of  a  supercooled  cloud  happens  when  It  glaciates  (Fukuta,  1973). 
Hydrometeor  loading,  along  with  cooling  due  to  evaporation  of  precipi¬ 
tation,  often  results  In  the  development  of  strong  downdrafts.  These 
downdrafts  present  a  severe  hazard  to  aircraft  during  landing  and  take 
off.  Again,  an  accurate  knowledge  of  the  ice  phase  processes  occurlng 
In  the  atmosphere  Is  required  to  fully  Investigate  and  understand  these 
phenomena . 

To  understand  these  Ice  phase  processes  an  accurate  study  of 
Ice  crystal  growth  parameters  Is  paramount.  A  review  of  the  previous 
methods  of  Ice  crystal  growth  study  Is  presented  In  Chapter  2.  Chapter 
3  Includes  the  design  and  construction  of  a  new  supercooled  cloud 
tunnel  used  in  this  study.  Chapter  4  describes  the  experimental 
procedures  employed  In  conducting  the  experiments.  Results  and  discus¬ 
sions  are  Included  In  Chapter  5  while  Chapter  6  contains  conclusions. 


Chapter  2 


PAST  ICE  CRYSTAL  GROWTH  STUDIES 

One  of  the  objectives  of  studying  the  processes  of  Ice  crystal 
growth  Is  to  describe  the  growth  processes  that  occur  In  actual  clouds 
In  nature.  Many  different  approaches  have  been  used  to  Investigate 
these  ice  crystal  growth  processes  but  they  can  be  grouped  Into  two 
general  categories.  One  studies  Ice  crystals  collected  in  their  natural 
cloud  envl »*ot«fflent  and  the  other  the  crystals  grown  In  the  laboratory 
where  the  cloud  conditions  are  simulated  as  accurately  as 

possible 


Field  Studies 

Several  field  Investigations  of  ice  crystal  growth  have  been 
conducted  (Mason,  1971).  Some  of  the  earliest  field  studies  were 
carried  out  by  Nakaya  and  Terada  In  the  1930‘s.  They  measured  the  fall 
velocity  of  individual  Ice  crystals  observed  on  Mt.  Tokati,  Japan  at 
temperatures  between  -8  and  -15°C .  The  crystals  were  collected  on  a 
glass  plate,  photographed,  and  their  linear  dimensions  were  determined. 
The  crystals  were  then  melted  and  the  drop  diameters  were  measured, 
allowing  the  mass  to  be  calculated.  From  this  data,  the  relationship 
between  the  fall  velocity  and  the  dimensions  of  the  crystals  were 
determined.  The  Interesting  feature  of  these  relationships  Is  that  the 
fall  velocities  of  the  plane  dendritic,  spatial  dendritic,  and  powder 


snow  crystals  were  nearly  Independent  of  their  dimensions.  It  should 
be  noted,  however,  that  only  medium  to  very  large  crystals  were  col¬ 
lected  In  this  study.  Therefore,  the  results  do  not  necessarily  apply 
to  the  early  stages  of  crystal  growth.  Nakaya  and  Terada  also  deter¬ 
mined  relationships  between  the  mass  and  maximum  linear  dimensions  of 
the  crystals. 

Several  early  field  experiments  gave  Indications  that  the 
temperature  and  crystal  habit  were  related  (Mason,  1971).  In  the  early 
1900's  Helm  conducted  observations  In  the  Antarctic  and  Westmann  on 
Spltzbergen.  Both  studies  were  among  the  first  to  relate  temperature 
and  crystal  habit.  During  the  period  from  1930  and  1960,  the  field 
observations  of  Nakaya  and  his  colleagues  in  Japan  further  revealed  the 
temperature  and  habit  relationships. 

Field  Investigations  have  also  shown  the  effects  of  supersatur¬ 
ation  on  crystal  habit.  In  1962  at  Yellowstone  Park,  crystals  growing 
at  air  temperatures  of  -30°C  on  grass  stems  near  hot  springs  with  a 
water  temperature  of  +10°C  were  studied  to  determine  the  habit  varia¬ 
tions  under  high  supersaturations  (Hallett,  1965). 

More  recently,  Auer  and  Veal  (1970)  have  reported  on  their 
study  of  Ice  crystal  dimensions  in  natural  clouds.  Crystals  were 
collected  from  orographic  and  cumulus  clouds  at  a  mountain  top  observa¬ 
tion  station  and  their  replicas  were  studied  under  a  microscope. 

All  of  the  Investigations  mentioned  thus  far  have  one  fact  In 
common  In  that  the  Ice  crystals  were  collected  near  the  ground.  There¬ 
fore,  only  the  growth  characteristics  of  crystals  just  prior  to  ground 
Impact  were  observed.  We  now  know  that  the  temperature  at  which  the 
Ice  crystals  grow  Is  the  controlling  factor  In  habit  development. 
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Obviously,  except  for  the  Yellowstone  Park  experiments,  the  temperature 
near  the  ground  where  the  crystals  were  collected  would  only  rarely  be 
the  temperature  at  which  they  grew.  It  wasn't  until  Ice  crystals  were 
collected  from  their  actual  growth  environment  that  definitive  relation¬ 
ships  between  crystal  habit  and  temperature  were  observed. 

Several  attempts  have  been  made  to  study  ice  crystals  In  their 
natural  growth  environment  (Mason,  1971).  In  the  1940's  Welckmann  con¬ 
ducted  some  of  the  first  observations  of  Ice  crystals  In  natural  clouds. 
Observations  were  made  by  aircraft.  In  the  troposphere  as  high  as  the 
cirrus  levels.  Crystal  habit  variations  in  different  cloud  types,  from 
nlmbostratus  In  the  lower  troposphere  to  cirrostratus  in  the  upper 
troposphere,  were  observed  and  compiled.  Nearly  ten  years  later, 
similar  aircraft  observations  were  made  In  Russia  by  Borovikov.  His 
observations  were  very  similar  to  those  of  Ueickmann. 

More  recently,  growth  characteristics  of  crystals  in  natural 
clouds  have  been  Investigated  by  means  of  aircraft  by  Ono  (1969  and 
1970).  Replicas  of  Ice  crystals  sampled  from  clouds  over  southeast 
Australia  at  temperatures  between  -2  and  -32°C  were  studied.  Results 
for  crystal  habit  variations  with  temperature  were  similar,  but  much 
more  detailed,  to  those  compiled  earlier  by  Weickmann.  Investigation 
was  also  made  on  the  riming  growth  and  crystal  free  fall  characteristics. 

Even  though  these  studies  of  ice  crystals  collected  from  their 
growing  environment  were  an  Improvement  over  the  earlier  ground  based 
measurements,  many  disadvantages  still  existed.  A  major  problem  with 
measurements  made  from  aircraft  was  the  damage  done  to  the  crystals 
during  the  collection  process.  Even  with  the  use  of  decelerator  tubes 
to  slow  down  the  crystals  before  they  were  received  on  the  collection 
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surface,  It  was  Impossible  to  entirely  eliminate  crystal  damage.  It 
was  also  Impossible  to  determine  what  effects  the  airframe  may  have  had 
upon  the  crystals  before  they  were  collected. 

An  attempt  to  eliminate  these  problems  associated  with  aircraft 
measurements  was  made  by  Magono  and  Tazawa  (1966).  An  Instrument  called 
a  snow  crystal  sonde  was  designed.  As  It  ascended  through  the  clouds. 
Ice  crystals  were  collected  undamaged.  At  the  same  time,  a  conventional 
radio-sonde  was  used  to  measure  the  temperature  and  humidity  of  the 
environment  In  which  the  crystals  were  collected. 

A  problem  with  these  and  all  field  Investigations  Is  the 
Inability  to  control  the  conditions  of  the  environment.  Without  this 
ability  It  Is  difficult  to  determine  exactly  the  effect  of  the  various 
environmental  conditions  upon  the  different  growth  parameters.  It  Is 
also  Impossible  to  observe  the  entire  life  history  of  Ice  crystals. 
To  bypass  these  pitfalls  It  Is  necessary  to  rely  upon  ice  crystal 
growth  studies  In  the  laboratory  where  the  natural  cloud  conditions 
are  simulated  as  accurately  as  possible. 

Laboratory  Studies 

Laboratory  studies  are  usually  of  two  general  types.  One  type 
of  study  uses  static  methods  to  grow  the  crystals.  With  this  approach. 
Ice  crystals  are  held  stationary  and  grown  on  a  flat  surface  or  a  fiber 
of  various  materials.  The  other  type  of  study  uses  dynamic  methods  to 
grow  the  crystals.  With  this  approach  the  crystals  are  either  freely 
suspended  In  updrafts  of  supercooled  fog  or  allowed  to  fall  freely 
through  It. 
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Static  Chambers 

One  of  the  first  chambers  for  investigating  ice  crystal  growth 
In  the  laboratory  was  developed  by  Nakaya  (1954).  A  fine  rabbit  hair, 
upon  which  crystals  were  grown,  was  stretched  across  an  air-stream 
whose  temperature  and  supersaturation  could  be  varied.  Despite  the 
chamber's  inability  to  maintain  the  temperature  and  supersaturation  at 
constant  values  throughout  the  crystal  growth  period,  relationships 
of  air  temperature  and  crystal  habit  similar  to  those  observed  earlier 
in  the  natural  clouds  were  produced.  Nakaya  also  observed  dendritic 
growth  at  temperatures  between  -14  and  -17°C,  but  only  under  relatively 
high  supersaturations.  Thus  the  first  Indication  of  a  possible  link 
between  supersaturation  and  crystal  habit  was  obtained. 

In  order  to  grow  crystals  under  accurately  controlled  tempera¬ 
tures  and  supersaturations,  Hallett  and  Mason  (1958)  developed  a 
chamber.  A  nylon  or  glass  fiber,  upon  which  ice  crystals  were  grown, 
was  suspended  vertically  through  the  center  of  a  vapor  diffusion 
chamber.  Capabilities  of  this  chamber  allowed  crystals  to  be  grown  at 
temperatures  from  0  to  50°C  and  supersaturations  from  a  few  per  cent 
to  approximately  300  per  cent.  Since  the  fiber  had  a  temperature  grad¬ 
ient  along  its  length.  It  was  possible  to  simultaneously  grow  several 
Ice  crystals  at  various  temperatures  and  supersaturations.  As  a  result, 
is  was  observed  for  the  first  time  that  the  variations  of  crystal  habit 
with  temperature  are  characterized  by  sharp,  well-defined  boundaries. 
Hallett  and  Mason  also  observed  closely  the  effects  of  supersaturation 
on  crystal  habit.  They  found  that  high  supersaturation  does  not  affect 
the  basic  crystal  habit.  However,  it  was  observed  that  the  supersatur¬ 
ation  controls  crystal  shape  development  such  as  the  transition  from 
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prisms  to  needles  and  plates  to  dendrites.  The  unique  design  of  their 
chamber  also  made  it  possible  to  study  the  effect  of  changing  the  tem¬ 
perature  and  supersaturation  during  the  crystal  growth  process.  They 
observed  that  when  the  environment  of  the  growing  crystal  was  changed 
it  continued  to  grow  but  at  the  habit  associated  with  the  new  tempera¬ 
ture  and  supersaturation.  Hallett  and  Mason  also  found  that,  in 
addition  to  the  habit  characteristics  of  crystals,  there  are  zones  of 
temperature  where  growth  rates  are  higher  than  elsewhere.  They  observed 
that  growth  rate  maxima  occur  between  0  to  -2°C,  -4  to  -6°C,  and  -14  to 
-16°C. 

Hallett  (1965),  using  data  collected  by  the  static  method, 
determined  that  the  mass  growth  rate  of  a  crystal  at  water  saturation 
varies  with  temperature.  A  minimum  occurs  near  -8°C  while  maxima  are 
observed  near  -5  and  -15°C. 

Laboratory  studies  by  Kobayashi  (1961)  used  a  similar  apparatus 
to  grow  ice  crystals  on  a  fiber.  He  conducted  measurements  over  a  wide 
range  of  supersaturations  in  order  to  further  refine  the  earlier  obser¬ 
vations  made  by  Hallett  and  Mason  (1958)  concerning  the  effects  of 
supersaturation  on  crystal  habit. 

Recently,  laboratory  experiments  using  the  static  methods  were 
carried  out  to  investigate,  in  addition  to  the  habit  variations  with 
temperature  and  supersaturation,  the  actual  mechanism  responsible  for 
this  habit  change.  One  such  experiment  was  reported  by  Lamb  and  Hobbs 
(1971). 

The  static  type  chamber,  used  in  all  of  the  above  discussed 
laboratory  studies,  is  ideal  for  the  investigation  of  the  microscopic 
ice  crystal  growth  mechanisms.  However,  since  the  crystals  are  held 
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static  on  a  foreign  material,  the  natural  cloud  conditions  are  not 
accurately  simulated.  Most  Important,  however,  is  the  inability,  when 
using  the  static  chambers,  to  measure  the  fall  velocity  of  the  crystals, 
and  the  associated  effect  on  other  growth  parameters.  To  measure  more 
accurately  the  crystal  growth  parameters  under  simulated  natural  condi¬ 
tions,  the  dynamic  type  chambers  are  necessary. 

Dynamic  Chambers 

The  first  ice  crystal  growth  studies  conducted  in  the  labora¬ 
tory,  though  quite  simple,  were  carried  out  in  dynamic  type  chambers. 
These  first  studies,  reported  by  aufm  Karnpe,  et  al.  (1951)  and  Mason 
(1953),  simply  made  use  of  artificially  produced  supercooled  clouds  in 
which  Ice  crystals  were  nucleated,  allowed  to  grow,  and  as  they  settled, 
collected  on  slides  coated  with  Formvar  solution.  The  clouds  were 
produced  by  injecting  steam  into  room-size  cold  chambers  or  smaller 
cold  boxes  in  which  the  temperature  could  be  controlled.  The  plastic 
replicas  of  ice  crystals,  produced  by  a  process  devr*o?ed  by  Scnadfer 
(1946),  were  examined  under  a  microscope  and  photographed.  Relation¬ 
ships  between  the  growth  temperature  and  crystal  habit  were  determined. 
The  habit  sequence  of  plate,  column,  plate,  column  with  decreasing 
temperatures  was  observed,  which  closely  resembled  the  relationships 
observed  in  the  natural  environment.  These  early  laboratory  studies 
not  only  proved  that  natural  ice  crystal  growth  could  be  simulated  in 
the  laboratory,  but  also  that  more  detailed  and  accurate  results  could 
be  attained  since  growing  conditions  could  be  controlled. 

When  ice  crystals  grow  in  natural  supercooled  clouds,  micro- 
physical  changes  such  as  habit  and  dendritic  developments  occur  as  the 
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crystals  fall  relative  to  the  cloudy  air.  There  Is  evidence  that 
crystals  which  fall  with  respect  to  the  supercooled  cloud  show  slightly 
different  habit  transitions  than  those  grown  under  static  conditions 
(Hallett,  1965).  As  the  crystal  falls,  the  local  concentration  of 
water  vapor  near  the  crystal  surface  is  enhanced.  Thus,  the  habit 
transitions  dependent  upon  supersaturation,  plates  to  dendrites  and 
prisms  to  needles,  occur  at  lower  supersaturations. 

As  the  Ice  crystals  grow  in  the  supercooled  cloud,  they  develop 
fall  velocities  depending  on  their  shape,  size,  mass,  etc.  Knowledge 
of  the  crystal  fall  velocity  Is  essential  In  understanding  the  develop¬ 
ment  of  precipitation  and  the  movement  through  the  cloud.  This  know¬ 
ledge  is  of  particular  importance  in  understanding  the  change  in  the 
growth  mode  of  the  crystal;  i.e.,  from  vapor  diffuslonal  growth  to 
riming  growth.  Fukuta  (1978)  has  shown  that  during  vapor  diffuslonal 
growth  the  crystal  mass  increase  is  proportional  to  tu5,  where  t  is 
time,  while  during  riming  gowth  the  crystal  mass  increase  is  propor¬ 
tional  to  t6.  This  is  shown  graphically  in  Figure  1.  Since  fast  fall 
velocities  favor  riming  growth  (Rogers,  1979),  it  is  obvious  why  a 
clear  understanding  of  this  parameter  is  necessary. 

Early  laboratory  studies  attempting  to  determine  the  fall 
velocity  of  ice  crystals  were  carried  out  by  Jayaweera  and  Mason  (1966) 
and  Jayaweera  and  Cottis  (1969).  They  Investigated  the  fall  behavior 
of  steel,  aluminum,  and  plastic  cylinder  and  disc  models,  of  various 
diameters  in  a  viscous  liquid.  The  results  were  used  to  estimate  the 
terminal  velocities  of  plate-like  and  columnar  Ice  crystals.  However, 
due  to  the  complex  habit  and  dendritic  developments  of  actual  Ice 
crystals  as  they  fall  through  the  supercooled  cloud  environment. 


Figure  1.  Relationship  between  the  ice  crystal  mass  m  and 
the  time  t  for  vapor  diffusion  and  riming  growth 
(Fukuta  et  al 1979). 
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calculations  based  on  the  behavior  of  simplified  physical  models  are 
not  necessarily  applicable  to  natural  crystals.  As  an  ice  crystal 
falls  through  a  supercooled  cloud,  its  shape,  size,  and  mass  change. 
These  changes.  In  turn,  continually  affect  the  fall  velcoity  of  the 
crystal.  To  completely  understand  the  behavior  of  a  dynamically  chang¬ 
ing  ice  crystal,  it  Is  preferable  to  simulataneously  determine  the  size 
(In  a-  and  c-dl recti ons ) ,  apparent  density,  mass  and  fall  velocity  of 
the  crystal  under  conditions  that  accurately  simulate  the  natural  cloud 
conditions.  The  first  attempt  was  made  by  Fukuta  (1969). 

The  experimental  apparatus  used  by  Fukuta,  shown  In  Figure  2, 
was  the  first  generation  of  apparatus  used  to  simultaneously  determine 
the  above  parameters.  The  apparatus  consisted  of  a  Plexiglass  double- 
walled  chamber  with  Inside  dimensions  of  9.6  cm  x  9.6  cm  x  61.5  cm  and 
outside  dimensions  of  15.5  cm  x  15.5  cm  x  61.5  cm.  The  chamber  was 
chilled  by  coolant  circulated  between  inner  and  outer  wall  at  a  prede¬ 
termined  temperature.  Placed  on  top  of  the  main  chamber  was  a  cooled 
copper  chamber  with  inside  dimensions  of  10.5  x  10.5  cm  x  50.5  cm  and 
outside  dimensions  of  14  cm  x  14  cm  x  50.5  cm.  Moisture  was  supplied 
by  warmed  water  In  a  semi  permeable  membrane  at  the  top  of  the  copper 
chamber.  The  fog  temperature  was  continuously  measured  by  two  thermo¬ 
couples  and  recorded  on  a  strip  chart  recorder.  The  supercooled  fog 
was  seeded  with  Ice  crystals  by  insertion  of  a  brass  rod,  chilled 
Indirectly  with  dry  Ice,  through  a  hole  near  the  base  of  the  copper 
chamber.  As  the  crystals  grew  and  fell  through  the  main  chamber,  their 
fall  velocity  was  measured  by  the  chopped  light  method.  A  beam  of 
light,  chopped  at  a  known  time  Interval  by  a  chopper,  illuminated  the 
bottom  portion  of  the  chamber  through  a  slit  In  the  wall.  As  the 
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Fog  Supply 


Figure  2.  Experimental  apparatus  used  by  Fukuta  (Fukuta,  N., 

1969:  Experimental  studies  on  the  growth  of  small  ice 
crystals.  J.  Atmos.  Sci.,  26,  522-531. 


crystals  fell  through  the  light,  they  were  photographed.  The  resulting 
photographed  light  streaks,  when  measured.  Indicated  the  crystals'  fall 
velocity.  As  the  falling  crystals  reached  the  bottom  of  the  chamber, 
they  were  collected  on  a  glass  slide  coated  with  chilled  silicone  oil. 
A  cover  slide  coated  also  with  silicone  oil  was  placed  over  the  crys¬ 
tals  and  a  photomicrograph  was  taken.  Since  the  silicone  oil  used  was 
denser  than  the  Ice,  the  crystals  would  slowly  rise  to  the  cover  slide. 
Therefore,  it  was  necessary  to  photograph  the  crystals  as  quickly  as 
possible  after  collection.  However,  this  method  proved  superior  to 
the  previously  used  Formvar  replicas,  the  crystals  being  photographed 
In  greater  detail  and  mass  determination  being  more  accurate.  From 
the  photomicrograph,  the  crystal  dimensions  were  determined.  The 
crystals  were  then  melted  by  heating  the  cover  slide.  By  measuring  the 
diameter  of  the  resulting  droplets,  the  crystal  mass  was  determined. 
From  the  photomicrographs  the  crystal  habit  relationship  with  the 
growth  temperature  was  Investigated.  The  habit  sequence  of  plate, 
column,  plate,  column  agreed  closely  with  that  observed  by  aufm  Kampe 
et  al .  (1951)  and  Mason  (1953).  The  a-axls  and  c-axis  dimensions 

were  measured  from  the  photomicrographs  (see  Figure  3).  The  crossovers 
In  the  figure  clearly  show  the  temperatures  at  which  the  habit  change 
occurred. 

From  the  values  of  crystal  mass,  determined  by  measuring  the 
diameter  of  the  melted  crystal,  Fukuta  analyzed  the  relationship 
between  crystal  mass  and  temperature  for  constant  growth  times  (Figure 
4).  The  general  relationships  found  were  similar  to  those  reported  by 
Hallett  (1965),  from  his  static  chamber  measurements.  Fukuta  divided 
the  crystal  mass  by  the  apparent  volume  of  the  Ice  crystal  which 


dimensions  plotted  as  a  function  of  temperature  T  (Fukuta,  1969 


Figure  4.  Ice  crystal  mass  plotted  as  a  function  of  temperature  for  various 
growth  periods  from  25  to  50  seconds  (Fukuta,  1969;  see  page  13). 
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yielded  an  estimate  of  the  crystal  apparent  density  (Figure  5).  Of 
particular  interest  Is  the  coincidence  of  the  crystal  mass  maxima  and 
the  apparent  density  minima.  This  clearly  suggests  the  advantage  of 
the  spatial  form  of  Ice  in  the  vapor  diffuslonal  growth. 

From  his  crystal  fall  velocity  measurements,  Fukuta  obtained 
the  following  two  relationships.  Figure  6  shows  the  relationships  of 
crystal  fall  velocity  with  respect  to  the  temperature  of  the  growth 
environment  after  a  set  period  of  growth  time.  Two  fall  velocity 
plateaus,  one  from  -5  to  -8°C  and  the  second  from  -10  to  -18°C,  were 
observed.  An  Interesting  observation  was  the  fact  that  a  fall  velocity 
maximum  did  not  necessarily  coincide  with  an  observed  mass  maximum  as 
might  be  expected.  Figure  7  shows  the  relationship  he  obtained  between 
crystal  fall  velocity  and  the  time  after  seeding  at  different  tempera¬ 
tures.  It  was  found  that  for  periods  up  to  approximately  20  seconds 
after  seeding,  all  crystals  had  nearly  the  same  fall  velocity,  regard¬ 
less  of  the  temperature  of  their  environment.  This  indicated  that  the 
factor,  or  factors,  controlling  the  fall  velocity  profile  of  a  crystal 
did  not  begin  to  vary  with  temperature  significantly  until  after  approx¬ 
imately  20  seconds.  During  the  first  few  seconds  of  growth  the  ice 
crystal  habit  apparently  did  not  become  well  developed  and  the  a-axis 
and  c-axis  dimensions  were  nearly  equal.  It  appeared  from  the  study 
that  the  crystal  shape  variation  and  the  resultant  change  In  aero¬ 
dynamic  fall  characteristics  were  controlling  factors  in  the  variation 
of  the  crystal  fall  velocity. 

This  experimental  technique  worked  quite  well  in  simultaneously 
determining  the  crystal  fall  velocity,  mass,  apparent  density,  and 
habit  and  provided  much  valuable  data.  However,  since  the  technique 
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Figure  5.  Ice  crystal  apparent  density  plotted  as  a  function  of  temperature  for 
growth  period  of  45  -  50  seconds  (Fukuta,  1969;  see  page  13). 


Figure  6.  Ice  crystal  fall  velocity  plotted  as  a  function  of  temperature  for 
growth  period  of  40  -  45  seconds  (Fukuta,  1969;  see  page  13). 


Ice  crystal  fall  velocity  plotted  as  a  function  of  time  at  different 
temperatures  from  -3.2  to  -20.6°C  {Fukuta,  1969;  see  page  13). 
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could  only  permit  Ice  crystal  growth  for  up  to  1  minute  after  seeding, 
further  studies  were  badly  needed  that  could  grow  the  crystals  In 
freely  suspended  conditions  for  longer  periods  of  time. 

Using  a  larger  chamber,  the  growth  rates  and  densities  of 
freely  falling  Ice  crystals  at  temperatures  between  -5  and  -9°C  as  a 
function  of  time,  for  periods  up  to  3  minutes,  were  measured  by  Ryan 
et  al .  (1974)  and  for  temperatures  between  -3  and  -21°C  by  Ryan  et  al . 
(1976).  Michaeli  and  Gal  lily  (1976)  measured  the  mass  growth  rates  of 
freely  falling  Ice  crystals  between  -1  and  -20°C  as  a  function  of  time 
for  growth  times  of  60  and  100  seconds.  Unfortunately,  in  all  three  of 
these  studies,  crystal  fall  velocity  measurements  were  not  carried  out, 
making  the  data  Incomplete.  It  wasn't  until  Fukuta  et  al .  (1979) 
freely  suspended  Ice  crystals  in  a  simple  wind  tunnel  that  Fukuta 's 
1969  data  was  extended  to  longer  periods  of  time. 

Various  types  of  vertical  wind  tunnels  have  been  used  in  the 
study  of  cloud  physics  since  the  middle  to  late  1940's.  Vertical 
tunnels  were  used  for  hall  growth  studies  by  Macklin  (1961).  In  these 
tunnels,  however,  the  hailstones  were  not  freely  suspended  in  the  air 
flow.  Instead,  the  stones  were  held  in  a  stationary  position  within 
the  air  flow  by  mechanical  means.  Other  tunnels  were  used  to  study  the 
behavior  and  growth  of  water  drops  freely  suspended  in  the  air  flow 
(Telford,  1955;  Kinzer  and  Gunn,  1951;  Kinzer  and  Cobb,  1956  and  1958). 
All  of  these  tunnels,  however,  were  incapable  of  maintaining  the  condi¬ 
tions  of  natural  clouds  for  other  than  relatively  short  periods  of  time. 
This  goal  was  accomplished  in  a  cloud  tunnel  designed  and  constructed 
at  the  University  of  California  at  Los  Angeles  (U.C.L.A.)  (Pruppacher 
and  Neiburger,  1968).  Several  studies  using  this  U.C.L.A.  tunnel 


(Beard  and  Pruppacher,  1969  and  1970)  have  been  carried  out  to  investi¬ 
gate  such  topics  as  fall  velocity  characteristics,  behavior  during  free 
fall,  and  collection  efficiencies  of  small  water  droplets.  The  U.C.L.A. 
tunnel,  upon  modification  for  use  at  temperatures  below  0°C,  was  also 
used  for  several  studies  (Pitter  and  Pruppacher,  1973;  Pflaum  et  al., 
1978;  Pflaum  and  Pruppacher,  1979)  Investigating  the  freezing  threshold 
and  behavior  of  freely  falling  water  drops  and  the  growth  and  fall 
velocity  behavior  of  freely  falling  graupel .  In  a  similar  vertical 
wind  tunnel  at  the  University  of  Nevada  (Hoffer  and  Mallen,  1968  and 
1970),  water  droplets  were  freely  suspended  in  the  air  stream  in  order 
to  study  their  freezing  properties  under  conditions  simulating  the 
natural  atmosphere  and  their  evaporation  rates.  Another  vertical  wind 
tunnel,  designed  and  constructed  at  the  University  of  Toronto  (Iribarne 
and  K1 ernes,  1970),  was  used  to  suspend  water  droplets  and  study  the 
electrical  effects  associated  with  the  breakup  of  the  droplets  in 
free  fall. 

It  should  be  noted  that  the  above  wind  tunnels  were  used  only 
to  suspend  relatively  heavy  precipitation  elements.  The  flow  speeds 
produced  in  these  tunnels  in  order  to  suspend  these  heavier  precipita¬ 
tion  elements  make  the  tunnels  unsuitable  for  suspending  much  lighter 
ice  crystals.  The  simple  tunnel  used  by  Fukuta  et  al .  (1979)  was  one 
of  the  first  used  to  freely  suspend  small  ice  crystals. 

The  L-shaped  tunenl  used  by  Fukuta  et  al  is  illustrated  in 
Figure  8.  The  tunnel,  constructed  of  Masonite,  was  operated  in  a  walk- 
in  cold  room.  The  vertical  section  of  the  tunnel  was  approximately  2  m 
high,  while  the  horizontal  section  was  2.5  m  long.  The  tunnel  cross- 
section  (dimensions:  0.5  m  x  0.5  m)  was  the  same  in  both  the  horizontal 


The  L-shaped  supercooled  cloud  tunnel  used  by  Fukuta  et  al.  (1979) 
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and  vertical  sections.  In  order  to  reduce  turbulence  within  the  tunnel, 
metal  screens  and  honeycombs  were  used.  Air  from  the  cold  room  was 
introduced  into  the  tunnel  through  an  air  filter  at  the  left  end  of  the 
horizontal  section.  At  that  point,  steam,  produced  in  a  pressure 
cooker  heated  on  a  hot  plate,  was  Injected  Into  the  cold  air  to  produce 
a  supercooled  fog.  The  supercooled  fog  was  pulled  through  the  tunnel 
by  a  small  vacuum  cleaner  attached  at  the  top  of  the  vertical  section 
of  the  tunnel.  The  temperature  of  the  supercooled  fog  was  measured  by 
a  thermometer  Inserted  into  the  tunnel  through  holes  along  the  length 
of  the  horizontal  and  vertical  sections.  Illumination  of  the  tunnel 
interior  was  accomplished  by  a  microscope  lamp  directed  down  through 
the  center  of  the  vertical  section  through  an  opening  in  the  top  of  the 
vertical  section.  Ice  crystals,  generated  in  a  pre-seedlng  chamber, 
were  injected  in  known  quantity  into  the  tunnel  near  the  bottom  of  the 
vertical  section.  The  vertical  velocity  of  the  supercooled  fog, 
adjusted  by  means  of  a  variac  on  the  vacuum  cleaner  motor  and  a  leak 
valve  in  the  suction  line,  was  set  at  a  speed  just  adequate  to  freely 
suspend  the  ice  crystals  in  the  vertical  section  of  the  tunnel.  As  the 
crystals  grew  and  their  fall  velcotiy  increased,  the  suction  was 
increased  in  order  to  keep  the  crystals  suspended.  At  the  end  of  the 
desired  period  of  time  (up  to  3  minutes),  the  suction  was  shut  off  and 
the  crystals  allowed  to  fall  through  a  glass  chamber  in  the  bottom  of 
the  vertical  section.  The  fall  velocity  of  the  crystals  was  measured 
by  photographing  them  under  a  chopped  light  beam  as  they  fell  through 
the  glass  chamber.  A  new  method  for  crystal  collection  and  study  under 
a  microscope  was  used.  The  crystals  were  collected  on  a  slide  glass 
with  a  depression  which  is  filled  with  silicone  oil.  A  cover  glass 


coated  with  motor  oil  was  then  placed  over  the  slide  glass  with  the 
crystal.  The  crystal  remained  at  the  Interface  of  the  two  oils  for 
indefinite  periods  of  time  since  It  was  denser  than  the  motor  oil  and 
less  dense  than  the  silicone  oil.  Upon  melting,  the  formed  droplet 
remained  at  the  interface.  With  this  improved  method  of  preserving  the 
ice  crystals,  photomicrographs  were  more  easily  taken  than  in  earlier 
studies. 

From  the  photomicrographs,  the  variation  of  crystal  habit  with 
growth  temperature  was  examined.  At  temperatures  between  -13  and  -19°C 
double  plates  and  vaned  plates  were  observed.  Various  crystal  nucleat¬ 
ing  agents  were  used  and  In  each  case  the  double  and  vaned  plates  were 
observed.  This  observation  of  double  and  vaned  plates  agreed  quite 
well  with  the  findings  of  Fukuta  (1968)  during  his  studies  of  the  use 
of  "vapor  activated"  metal dehyde  as  an  ice  nucleation  agent.  At  other 
temperatures  the  familiar  crystal  habits  found  in  the  earlier  studies 
were  also  confirmed. 

From  the  photomicrographs,  the  ice  crystal  mass  was  determined. 
Figure  9  shows  the  relationship  between  the  crystal  mass  and  growth 
temperature.  Of  particular  significance  is  the  minimum  at  -10°C  and 
the  maxima  at  -7  and  -15°C.  These  results  agreed  well  with  those  of 
Fukuta  (1969)  and  reasonably  well  with  those  of  Ryan  et  al .  (1974  and 
1976)  and  Hallett  (1965).  Since  no  indications  of  crystal  riming  were 
observed,  it  was  presumed  that  the  mechanism  of  growth  for  the  crystals 
was  vapor  diffusion. 

From  the  crystal  fall  velocity  measurements  the  relationship  be¬ 
tween  fall  velocity  and  growth  temperature  was  investigated  (Figure  10). 
Several  significant  relationships  between  crystal  shape,  growth 


mechanism  and  fall  velocity  are  evident  in  this  figure.  Since  ice 

crystal  habit  is  not  well  developed  early  in  the  growth  process,  the 

2a/c  axial  ratio  is  near  unity  and  the  crystal  fall  velocity  is  not 
significantly  affected  by  aerodynamic  drag.  Since  the  rate  of  Increase 
In  size  of  the  crystal  is  proportional  to  the  total  vapor  flux  arriving 
at  the  crystal  surface  and  the  vapor  flux  is  greatest  at  around  -15°C, 
the  crystal  mass  Increases  most  rapidly  at  -15°C  during  the  Initial 
period  of  growth.  This  explains  why,  for  growth  periods  of  up  to  20 
seconds,  the  fall  velocity  Is  greatest  at  -15°C.  In  this  early  stage 
of  growth,  the  crystal  mass  appears  to  be  a  primary  factor  controlling 
the  crystal  fall  velocity.  As  the  crystal  continues  to  grow  by  vapor 
diffusion.  It  begins  to  develop  shape  and  habit.  A  falling  crystal 

that  develops  a  shape  well  spread  in  space  (plate,  dendrite,  or  needle) 

becomes  significantly  influenced  by  aerodynamic  resistance.  Crystals 
growing  at  temperatures  around  -10#C  have  a  2a/c  axial  ratio  near  unity 
since  this  is  the  temperature  zone  where  the  switch-over  of  habit  occurs 
from  column  to  plate  as  the  temperature  lowers.  Therefore,  the  shapes 
of  crystals  growing  in  this  temperature  zone  are  near  spherical,  the 
shape  which  provides  the  minimum  aerodynamic  resistance.  This  explains 
why  for  growth  periods  beyond  20  seconds,  the  fall  velocity  of  a  crys¬ 
tal  at  -10aC  becomes  faster  than  crystals  at  other  temperatures.  After 
habit  development  begins,  the  aerodynamic  drag  of  a  crystal  becomes 
an  increasingly  dominant  factor  in  Interfering  with  fall  velocity 
development. 

After  determining  the  apparent  density  of  the  crystal,  its 
relationship  with  crystal  growth  temperature  was  investigated  (Figure 
II).  Of  particular  significance  is  the  marked  apparent  density  peak 


near  -10“C,  the  temperature  of  maximum  fall  velocity.  This  In  turn 
demonstrates  the  importance  of  the  spatial  form  of  the  crystal  In 
determining  its  fall  velocity  development. 

This  supercooled  cloud  tunnel  represented  the  second  generation 
of  apparatus  capable  of  simultaneously  determining  the  fall  velocity, 
shape,  size,  mass,  and  apparent  density  of  an  Ice  crystal.  The  major 
advantage  of  this  tunnel  was  its  capability  to  extend  the  period  that 
ice  crystals  could  be  freely  suspended  in  a  supercooled  cloud  for  as 
long  a  period  as  3  minutes.  However,  disadvantages  still  existed. 
It  was  very  difficult,  with  the  pressure  cooker  used  in  the  manner 
described  above,  to  maintain  the  amount  of  steam  injected  into  the 
tunnel  at  a  constant  level.  This  Induced  a  problem  of  controlling  the 
liquid  water  content  of  the  supercooled  fog,  an  Important  parameter  in 
determining  the  growth  characteristics  of  a  crystal.  Also,  due  to  the 
short  distance  between  the  point  of  steam  Injection  Into  the  tunnel  and 
the  vertical  section  of  the  tunnel,  with  only  the  horizontal  section  of 
the  tunnel  in  between  them,  it  was  difficult  to  make  the  supercooled 
fog  homogeneous  with  respect  to  temperature  and  droplet  concentration 
at  the  point  where  the  ice  crystals  were  suspended.  In  addition,  due 
to  the  fixed  and  large  cross-sectional  area  of  the  tunnel  and  the  limits 
of  the  amount  of  suction  obtainable  from  the  vacuum  cleaner,  it  was 
Impossible  to  suspend  the  Ice  crystals  falling  faster  than  about  12 
cm/s.  Also  due  to  the  constant  cross-sectional  area  of  the  tunnel,  it 
was  difficult  to  stabilize  the  crystals  in  the  horizontal  and  vertical 
directions  within  the  vertical  section  of  the  tunnel.  It  wasn't  until 
the  apparatus  used  In  the  present  study  was  constructed  that  these 
difficulties  were  eliminated. 


Chapter  3 


APPARATUS 

The  objective  of  this  study  was  to  design  and  construct  an 
apparatus  capable  of  freely  suspending  an  Ice  crystal  In  a  supercooled 
cloud  for  extended  periods  of  time  and  conduct  measurements.  From  the 
collected  data,  simultaneous  determination  of  Ice  crystal  size,  shape, 
mass,  apparent  density,  and  fall  velocity,  as  a  function  of  time  and 
temperature,  was  to  be  made. 

Factors  Considered  in  the  Apparatus  Design 

As  shown  In  the  previous  chapter,  the  most  common  and  reliable 
method  for  freely  suspending  precipitation  elements  In  the  laboratory 
for  extended  periods  of  time  Is  the  vertical  wind  tunnel.  Several 

factors  were  considered  in  the  design  of  the  vertical  wind  tunnel  used 
In  the  current  study  to  freely  suspend  ice  crystals  in  a  supercooled 

fog  for  indefinite  periods  of  time. 

In  order  to  suspend  an  ice  crystal  in  the  working/observation 
section  of  the  vertical  wind  tunnel,  a  capability  is  needed  to  hold 

the  crystal  in  essentially  a  fixed  position  for  extended  periods  of  time. 
To  make  this  possible,  it  is  necessary  to  provide  a  position  of  verti¬ 
cal  as  well  as  horizontal  stability  within  the  tunnel.  A  laminar  flow 
is  necessary  to  achieve  this  stability.  Therefore,  a  method  must  be 

developed  to  suppress  the  turbulence  within  the  tunnel  working  section. 
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Since  visual  tracking  of  the  Ice  crystal  is  necessary  to  position  and 
hold  It  In  the  zone  of  stability,  the  observation  section  of  the  tunnel 
must  be,  at  least  partially,  constructed  of  a  transparent  material. 
In  addition,  for  tracking  of  the  ice  crystal  in  this  manner,  proper 
111 umi nation  must  be  provided  to  make  all  sizes  of  crystals  clearly 
visible. 

In  order  to  position  and  maintain  the  crystal  at  its  point  of 
stability  within  the  working/observation  section,  it  is  necessary  to 
adjust  the  flow  speed  through  the  chamber.  While  the  crystal  is  being 
suspended  in  the  supercooled  fog  environment.  It  grows  and  becomes 
heavier.  Therefore,  as  the  crystal  grows  and  becomes  heavier,  the  flow 
through  the  tunnel  must  be  gradually  increased  to  keep  the  crystal  from 
"falling  out."  Accordingly,  a  method  must  be  used  that  will  allow  for 
convenient  and  continuous  adjustment  of  the  flow  speed  through  the 
tunnel.  When  the  crystal  Is  held  at  a  fixed  position  within  the  tunnel, 
the  flow  speed  at  that  point  equals  the  fall  velocity  of  the  crystal. 
Therefore,  in  order  to  determine  the  crystal  fall  velocity,  a  method 
must  be  employed  to  measure  the  flow  speed  within  the  tunnel.  A  contin¬ 
uous  record  of  the  velocity  during  the  entire  crystal  growth  period  is 
desirable  for  the  post  experimental  data  analysis. 

To  produce  the  supercooled  cloud  within  the  tunnel,  a  contin¬ 
uous  source  of  moisture  Is  needed.  In  order  to  keep  the  liquid  water 
content  of  the  supercooled  cloud  constant  during  each  experiment,  two 
design  considerations  are  necessary.  First,  a  method  must  be  developed 
by  which  the  amount  of  moisture  from  the  source  can  be  controlled  and 
held  constant.  Second,  the  amount  of  moisture  per  unit  volume  of  air 
passing  through  the  tunnel  working/observation  section  must  remain 
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constant,  at  least  with  respect  to  time.  As  the  amount  of  flow  through 
the  observation  section  changes,  the  amount  of  moisture  passed  through 
the  section  must  be  proportionally  adjusted.  In  addition,  as  the  super¬ 
cooled  fog  passes  through  the  working/observation  section,  it  must  be 
homogeneous  with  respect  to  temperature  and  droplet  concentration.  A 
method  must  be  developed  to  assure  this  condition  is  sustained. 

One  of  the  alms  of  the  present  study  Is  to  grow  ice  crystals 
at  varying  temperatures  between  -3  to  -25 °C.  Therefore,  a  method  is 
necessary  that  will  cool  and  maintain  the  tunnel  at  any  desired  temper¬ 
ature  in  this  range.  Since  the  crystal  habit  is  dependent  upon  the 
ambient  air  temperature  surrounding  the  crystal  at  that  moment,  the  air 
temperature  within  the  tunnel  must  be  maintained  as  stable  as  possible 
during  the  entire  period  of  each  crystal  growth  experiment.  Due  to 
the  importance  of  the  ambient  air  temperature  stability  in  the  crystal 
growth  environment,  an  accurate  method  of  measuring  the  temperature 
must  be  used.  In  addition,  since  the  temperature  has  to  remain  nearly 
constant  throughout  each  experiment,  a  method  of  continuous  temperature 
recording  that  also  allows  constant  monitoring  is  advantageous.  The 
continuous  record  of  the  temperature  during  the  entire  crystal  growth 
period  will  aid  in  the  post  experimental  data  analysis. 

It  has  been  shown  that  when  two  ice  crystals  growing  in  a  super¬ 
cooled  cloud  are  in  very  close  proximity  to  each  other,  they  compete 
for  the  available  moisture.  Due  to  this  competition  for  moisture, 
neither  crystal  will  show  Its  true  growth  characteristics  at  water  sat¬ 
uration.  Since  direct  seeding  of  the  supercooled  fog  within  the  tunnel 
could  result  In  large  numbers  of  Ice  crystals,  the  method  is  likely  to 
induce  competition  for  moisture  among  the  crystals.  Therefore,  a 


34 


method  of  ice  crystal  seeding  by  which  the  number  of  crystals  can  be 
accurately  controlled  has  to  be  devised.  The  method  of  ice  crystal 
nucleation  is  also  an  important  consideration.  When  using  heterogeneous 
nucleation  techniques,  a  possibility  exists  that  contamination  from  the 
seeding  material  may  occur  in  addition  to  formation  of  complex  crystals. 
In  this  study,  only  the  growth  behavior  of  pure  ice  crystals  is  intended. 
Therefore,  some  form  of  homogeneous  nucleation  is  desirable  in  order  to 
eliminate  possible  effects  of  the  various  nucleants  used  in  heterogen¬ 
eous  nucleation. 

After  growing  an  ice  crystal  for  the  desired  length  of  time,  it 
is  necessary  to  remove  the  crystal  from  the  tunnel  so  that  photomicro¬ 
graphs  can  be  made.  The  method  used  must  assure  that  the  ice  crystal 
is  collected  undamaged  and  that  no  melting,  evaporation,  or  growth  has 
taken  place  after  the  end  of  the  experiment  and  before  collection  on 
the  microscope  slide. 

The  method  of  preserving  the  ice  crystals  for  examination  and 
photographing  under  the  microscope  is  of  critical  importance.  Several 
methods  have  been  used  in  past  studies  (Schaefer,  1941,  1949  and  1962; 
Smith-Johansen,  1965;  Bigg,  1953;  Fukuta,  1969).  Each  of  these  methods, 
however,  had  certain  disadvantages.  The  methods  used  by  Schaefer  and 
Smith-Johansen  produced  replicas  of  the  ice  crystals  Instead  of  pre¬ 
serving  the  original  crystals.  Therefore,  mass  determination  was  not 
accurate,  some  crystal  details  were  lost,  and  the  crystals  could  not  be 
viewed  from  the  side.  The  method  used  by  Bigg  was  originally  intended 
for  ice  nucleation  studies  at  the  interface  between  two  water- 
immiscible  and  mutually  immiscible  liquids,  one  lighter  arri  the  other 
heavier  than  water.  But  when  applied  for  the  present  purpose,  the  side 
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side  view  position  of  an  ice  crystal  cannot  be  stably  maintained.  The 
limitations  of  Fukuta's  1969  method  were  discussed  earlier.  Several 
improvements  of  these  methods  are  necessary  for  the  current  study.  The 
method  used  in  this  study  is  a  modified  version  of  that  used  by  Fukuta 
et  al .  (1979).  The  ice  crystal  must  be  received  between  the  microscope 
slide  and  cover  glass  and  kept  there  for  extended  periods  of  time 
without  coming  in  contact  with  either.  The  crystal  must  maintain  its 
original  shape,  size,  and  detailed  structure  while  being  kept  between 
the  cover  glass  and  slide.  In  order  to  facilitate  the  determination  of 
crystal  mass,  the  water  droplet  resulting  from  melting  the  ice  crystal 
must  remain  between  the  slide  and  cover  glass  without  coming  in  contact 
with  either.  If  they  come  in  contact  with  each  other,  the  droplet 
loses  its  exact  spherical  identity.  Also,  in  order  to  accurately 
measure  both  the  a-  and  c-axis  of  the  ice  crystal,  it  is  desirable  to 
rotate  the  crystal.  This  allows  the  crystal  to  be  viewed  and  photo¬ 
graphed  from  both  the  top  and  side. 

The  apparatus  designed  for  and  used  in  this  study  satisfies  all 
of  the  above  requirements.  The  vertical  wind  tunnel  is  designed  with 
four  primary  sections,  i.e.,  the  fog  chamber,  the  honeycomb  section, 
the  working/observation  section,  and  the  suction  section.  Support 
equipment  for  the  tunnel  Includes  the  ice  crystal  generation  chamber, 
the  steam  generator,  the  suction  system,  the  crystal  sampling  device, 
the  microscope,  and  the  data  recorder. 

Final  Design  and  Construction 

The  wind  tunnel  was  constructed  entirely  in  our  laboratory  and 
was  made  of  3.18  im  thick  clear  acrylic  sheets.  The  acrylic  was 
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selected  because  of  its  transparency,  reasonable  strength,  light  weight, 
and  ease  of  fabrication.  The  acrylic  was  easily  cut  to  the  desired 
pattern  by  a  sabre  saw  and  the  pieces  easily  bonded  together  by  using 
an  acrylic  solvent,  ethylene  or  methylene  dichloride.  At  locations 
where  the  connected  acrylic  pieces  were  subjected  to  a  great  deal  of 
force,  a  solution  of  acrylic  resin  in  ethylene  dichloride  was  applied 
Instead.  In  constructing  the  fog  chamber  section,  large  sheets  of 
acrylic  were  required.  Aluminum  corner  brackets  were  used  to  connect 
these  larger  sheets  and  provided  the  necessary  support  to  keep  the 
chamber  upright.  The  four  tunnel  sections,  constructed  separately, 
were  connected  together  by  using  6.35  ron  thick  acrylic  sheet  flanges 
plus  nuts  and  bolts  (Figure  12(a)).  By  constructing  the  tunnel  entirely 
of  the  acrylic  and  by  using  acrylic  flanges  to  connect  the  sections  and 
acrylic  solvent  and  solution  to  bond  the  various  pieces,  the  entire 
tunnel  assembly  contracts  and  expands  at  the  same  rate  with  varying 
temperature,  avoiding  undesirable  structural  failure. 

The  tunnel  is  placed  in  an  environmental  walk-in  cold  room  in 
our  laboratory.  This  walk-in  cold  room  has  dimensions  of  3.3  m  x  2.7  m 
x  2.3  m  and  is  capable  of  reaching  temperatures  as  low  as  -25°C. 

Figures  12(b)  and  13  show  the  basic  tunnel.  The  various 
sections  and  support  equipment  will  be  discussed  in  detail  in  the 
following  sections. 

Fog  Chamber 

The  fog  chamber  is  1.22  m  long,  1.55  m  high,  and  0.47  m  wide. 


Three  shelves  are  used  to  divide  the  chamber  into  four  sections.  A 
photograph  of  the  fog  chamber  is  shown  in  Figure.  14(a). 


Figure  12(a).  Photograph  of  connection  flange. 

(b).  Photograph  of  entire  supercooled  cloud  tunnel. 
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Diagram  of  the  entire  supercooled  cloud  tunnel 
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Figure  14(a).  Photograph  of  the  fog  chamber. 


(b).  Photograph  of  the  honeycomb  section. 
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Cold  room  air  Is  drawn  into  the  chamber  at  the  upper  left  rear 
corner.  At  the  same  point,  steam  Is  Injected  Into  the  chamber  produc¬ 
ing  a  supercooled  fog.  Due  to  cold  air  and  steam  introduction,  there 
Is  a  large  amount  of  turbulence  at  the  top  of  the  chamber  which  helps 
to  thoroughly  mix  the  steam  and  cold  air.  As  the  supercooled  fog 
passes  from  the  top  section  to  the  lower  sections,  the  turbulence  dies 
down  and  the  fog  vertically  stratifies.  By  the  time  the  supercooled 
fog  reaches  the  bottom  section.  It  Is  well  mixed  and  homogeneous  with 
respect  to  both  temperature  and  droplet  concentration. 

As  the  supercooled  fog  passes  through  the  chamber,  the  Inside 
walls  begin  to  accumulate  frost.  This  makes  observation  of  the  fog 
conditions  Inside  the  chamber  difficult.  To  eliminate  this  problem, 
an  automobile  rear  window  heater  was  applied  to  the  front  wall  of  the 
chamber.  The  heater  Is  connected  to  a  varlac  In  ordor  to  control  the 
amount  of  hoating  provided  by  the  heater.  A  maximum  of  5  volts  A.C. 
is  applied  to  the  heater,  which  results  In  adequate  heating  to  stop  the 
formation  of  frost. 

Illumination  of  the  Inside  of  the  fog  chamber  Is  accomplished 
by  shining  a  12  volt  high  Intensity  light  through  the  side  wall.  To 
further  aid  In  the  viewing  of  the  supercooled  fog,  a  black  cloth  is 
hung  across  the  outside  of  the  chamber  back  wall. 

Honeycomb  Section 

As  the  supercooled  fog  passes  into  the  vertical  portion  of  the 


tunnel,  It  must  be  as  turbulence-free  as  possible.  A  common  method  of 
suppressing  turbulence  In  wind  tunnels  Is  the  application  of  honeycombs 
(Pankhurst  and  Holder,  1952). 


The  honeycomb  used  In  this  tunnel  was  constructed  entirely  In 
our  laboratory.  Plastic  soda  straws,  with  a  diameter  of  6  imi  and  a 

length  of  10  cm,  were  placed  In  a  frame  made  of  6.35  mm  thick  acrylic 
sheets.  The  frame,  with  dimensions  of  20  cm  x  20  cm  x  10  cm,  fits 

snuggly  within  the  tunnel  at  a  position  near  the  bottom  of  the  vertical 

portion.  A  photograph  of  the  honeycomb  section  Is  shown  In  Figure  14(b). 

As  the  supercooled  fog  passes  through  the  honeycomb,  frost 
begins  to  form  after  a  certain  period  of  time,  depending  upon  the 

liquid  water  content  of  the  fog.  As  the  frost  crystals  grow  at  the 
expense  of  the  supercooled  fog,  the  amount  of  moisture  passing  Into  the 
working/observation  section  of  the  tunnel  varies.  To  eliminate  this 
problem,  the  honeycomb  was  made  replaceable.  An  opening,  slightly  larger 
than  the  honeycomb  frame,  was  cut  In  the  front  wall  of  the  tunnel. 
Three  separate  honeycomb  were  constructed.  Wien  the  frost  begins  to 
develop  on  the  honeycomb.  It  Is  easily  removed  and  replaced  with  a  new, 
frost  free  honeycomb.  A  photograph  of  the  removed  honeycomb  Is  shown 
In  Figure  15(a). 

Working  Observation  Section 

This  section  Is  perhaps  the  most  critical  of  the  entire  tunnel. 
It  Is  here  that  the  Ice  crystals  are  freely  suspended  In  the  super¬ 
cooled  fog  and  observed  as  they  grow.  A  photograph  of  this  section  Is 
shown  In  Figure  15(b). 

The  working/observation  section  Is  89  cm  tall.  The  bottom  of 
the  section  Is  20  cm  square,  converging  to  the  top  where  it  Is  11  cm 
square.  We  discovered  that  this  convergent  configuration  provides  an 
excellent  stability  for  the  crystal  as  It  is  freely  suspended  in  the 
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Figure  15(a).  Photograph  of  the  removed  honeycomb. 

(b).  Photograph  of  the  working/observation  section 
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stream  of  supercooled  fog.  With  constant  flow  rate  through  the  tunnel, 
the  flow  speed  through  the  working/observation  section  increases  from 
the  bottom  to  the  top  due  to  the  decreasing  cross-sectional  area  and 
the  law  of  continuity.  In  this  design,  the  vertical  stability  was 
anticipated  to  be  not  as  good  as  that  found  in  a  vertically  diverging 
design.  However,  due  to  the  relatively  slow  fall  speed  of  ice  crystals, 
the  instability  is  easily  overcome  by  manual  adjustment  of  the  flow 
speed  and  the  crystals  can  be  suspended  for  indefinite  periods,  at  any 
point  along  the  vertical  direction  within  this  convergent  section. 
The  convergent  design  does  provide  a  superb  crystal  stability  In  the 
horizontal  directions  within  this  section.  As  the  flow  passes  through 
the  convergent  section,  a  velocity  peak  is  developed  just  inside  the 
chamber  walls,  apparently  due  to  the  flow  enertia.  This  results  in  a 
velocity  minimum  in  the  center  regions  of  the  chamber.  Therefore  due 
to  this  smooth  "velocity  trap"  in  the  center  regions  of  the  chamber, 
ice  crystals  remain  away  from  the  walls  and  near  the  center.  Figure 
16,  (a)  and  (b)  shows  the  relative  velocity  profiles  along  the  horizontal 
plane  for  the  slower  flow  speeds  (less  than  17.5  cm/s)  and  the  faster 
flow  speeds.  For  speeds  less  than  17.5  cm/s,  the  velocity  trap  is 
relatively  large  and  broad  and  the  suspended  crystals  remain  within 
approximately  4  cm  of  the  chamber  centerline.  At  higher  flow  speeds, 
the  velocity  trap  is  much  better  defined  and  the  crystals  remain  within 
approximately  1  cm  of  the  chamber  centerline. 

Two  sources  of  illumination  are  used  in  this  portion  of  the 
tunnel.  For  general  illumination,  a  light  fixture  with  two  1.2  m  long 
fluorescent  tubes  is  used.  In  order  to  restrict  the  light  into  a  nar¬ 
row  beam,  a  light  shade  was  constructed  of  Masonite.  The  light  fixture 
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Figure  16 


.  Relative  velocity  profile  along  the  horizontal  plane  at  the 
14  cm  square  vertical  position  in  the  working/observation 
section  for;  (a).  Flow  speeds  less  than  17.5  cm/s.  (b). 

Flow  speeds  greater  than  or  equal  to  17.5cm/s. 
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and  shade  are  positioned  vertically  along  the  left  side  of  working/ 
observation  section.  This  light  source  is  adequate  for  illumination  of 
the  larger  ice  crystals  and  the  supercooled  fog.  However,  it  does  not 
provide  adequate  illumination  to  comfortably  view  the  small  ice  crystals 
present  in  this  section  during  their  early  stages  of  growth.  For  easy 
viewing  of  smaller  crystals,  a  much  brighter  light  sourre  is  required. 
Initially  a  slide  projector  with  a  500  watt  bulb  used.  However, 
the  cold  temperatures  within  the  cold  room  proved  too  harsh  for  the 
bulb  and  it  lasted  for  only  a  few  hours.  To  eliminate  this  problem, 
a  quartz-halogen  automobile  driving  light  is  used.  Not  only  does  this 
light  provide  the  necessary  brightness  with  rather  small  wattage  but 
also  is  rugged  enough  to  withstand  the  cold  temperatures.  A  box  was 
constructed  of  aluminum  to  house  the  light.  This  serves  to  form  a 

light  beam,  directed  into  the  tunnel  through  the  right  wall  at  the 

level  where  the  crystals  are  suspended.  In  addition,  a  10.2  cm  dia¬ 
meter  flexible  duct  hose,  attached  to  the  rear  of  the  box  and  connected 
to  a  vent  in  the  top  of  the  cold  room,  provides  a  means  to  remove  the 
heat  generated  by  the  light  bulb.  Figure  17(a)  is  a  photograph  of  this 
light  In  position. 

Suction  Chamber 

Positioned  above  the  working/observation  section  is  the  suction 
chamber  (Figure  17(b)).  It  serves  the  purpose  of  assuring  that  the  air 

flow  suction  Is  applied  evenly  across  the  entire  cross-section  of  the 

working/observation  section.  The  chamber  is  20  cm  square  and  15.2  cm 
tall.  At  the  top  center  is  located  a  5.7  cm  inside  diameter,  7  cm  long, 
acrylic  pipe.  To  this  pipe  is  attached  the  suction  hose.  Midway 
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Figure  17(a).  Photograph  of  light  in  position  beside  the  working/ 

observation  section  and  the  crystal  sampling  device  in 
its  pre-collection  position. 

(b).  Photograph  of  the  suction  chamber. 
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between  the  top  and  bottom  of  the  chamber  is  a  6.1  mm  thick  sheet  of 
acrylic  with  225  evenly  spaced  holes  of  3.56  mm  diameter.  (The  total 
area  of  these  holes  equals  the  cross-sectional  area  of  the  suction 
line.)  Immediately  below  the  acrylic  divider  is  a  2.5  cm  thick  piece 

of  foam  rubber.  As  air  is  pulled  through  the  tunnel,  a  difference  in 
pressure  is  established  between  both  sides  of  the  foam  rubber  divider. 
The  result  is  even  flow  across  the  entire  cross-section  of  the  chamber. 

Steam  Generator 

The  steam  generator  consists  of  a  specially  modified  pressure 
cooker  (Figure  18(a)].  In  order  to  control  the  amount  of  steam 
produced,  two  considerations  are  given.  First,  it  is  necessary  to 
accurately  control  the  temperature  of  the  water  in  the  pressure  cooker. 
This  is  accomplished  by  using  a  1000  watt,  1.2  m  long,  immersion  heater. 
The  heater,  of  the  flexible  type,  is  shaped  into  a  coil  that  exactly 
fits  into  the  bottom  of  the  cooker.  This  provides  even  heating  of  the 
water.  Power  to  the  heater  is  supplied  through  an  Omega  Engineering 
Model  49  temperature  controller.  The  temperature  controller  uses  a 
thermister  to  measure  the  water  temperature  and  accordingly  controls 
the  electrical  current  supplied  to  the  heater  to  maintain  the  water  at 
a  constant  82.2°C.  Second,  since  the  water  temperature  is  held  at  a 
level  below  the  boiling  point,  compressed  air  must  be  injected  uni¬ 
formly  into  the  water  to  form  the  necessary  steam  and  develop  pressure. 
Copper  tubing  with  holes  is  shaped  into  a  coil  and  placed  at  the  bottom 
of  the  pressure  cooker.  Compressed  air  is  then  passed  through  a  flow 
meter  into  the  copper  tubing.  Since  the  water  temperature  is  held 
constant  by  the  temperature  controller,  the  only  variable  determining 
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Figure  18(a).  Photograph  of  the  steam  generator. 

(b).  Photograph  of  the  velocity  control  valve. 
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the  amount  of  steam  produced  Is  the  compressed  air  flow  bubbling  through 
the  hot  water.  Therefore,  the  amount  of  water  vapor  used  to  produce 
supercooled  fog  is  controlled  by  the  setting  of  the  flow  meter  in  the 
compressed  air  Mne. 

Because  of  the  heat  generated,  the  pressure  cooker  is  placed 
outside  the  cold  room.  The  steam  is  passed  through  the  cold  room  and 
then  into  the  fog  chamber  via  a  copper  tube  well  insulated  with  foam 
rubber.  The  steam  line  is  oriented  in  a  way  to  assure  that,  when  steam 
is  not  being  produced,  any  condensed  moisture  in  the  line  flows  down¬ 
hill  out  of  the  cold  room.  A  water  trap  is  placed  in  the  line  outside 
the  cold  room  to  collect  the  condensed  moisture.  This  arrangement 
assures  that  the  steam  line  does  not  become  clogged  with  ice  between 
periods  of  use.  The  flow  meter  is  located  in  the  cold  room  for  easy 
access  where  it  can  be  continually  monitored  to  assure  it  remains  at  a 
constant  setting. 

Suction  System 

The  suction  to  pull  air  through  the  wind  tunnel  is  provided  by 
a  large  vacuum  cleaner.  We  found  that  the  16  gallon  Wet-Dry  Shop  Vac 
marketed  by  Sears,  Roebuck  and  Company  was  ideal.  This  vacuum  provides 
more  than  adequate  flow  rates  through  tunnel  and  is  rugged  enough  to 
withstand  the  low  temperatures  of  the  cold  room  for  extended  periods 
of  operation.  In  order  to  reduce  the  suction  provided  by  the  vacuum 
cleaner,  so  that  the  flow  speeds  produced  in  the  tunnel  are  within  the 
range  suitable  for  suspending  ice  crystals,  a  variac  is  attached  to  the 
vacuum  cleaner  motor.  The  voltage  supplied  to  the  motor  is  reduced  to 
and  held  constant  at  60  volts  by  means  of  this  variac. 
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To  vary  the  flow  rate  through  the  working/observation  section 
without  delay,  a  control  valve  is  positioned  in  the  suction  line 
between  the  vacuum  cleaner  and  the  wind  tunnel.  The  valve  was  designed 
and  constructed  entirely  in  our  laboratory  (Figure  13(b)).  It  is  made 
of  a  14.6  cm  long  clear  acrylic  pipe  with  an  inside  diameter  of  14.6  cm 
and  a  wall  thickness  of  6.1  mm.  Top  and  bottom  plates  are  constructed 
of  6.1  mm  thick  acrylic  sheets.  Through  the  side  of  the  pipe  is 
inserted  a  smaller  acrylic  pipe  with  Inside  diameter  of  5.7  cm  and  wall 
thickness  of  3.1  nm.  Into  this  side  pipe  is  connected  the  suction  line 
from  the  vacuum  cleaner.  Through  the  bottom  plate  are  connected  two 
smaller  acrylic  pipes  of  the  same  size  as  the  pipe  from  the  side  of  the 
valve.  A  flexible  hose  connects  one  of  these  bottom  plate  pipes  to  the 
suction  chamber  above  the  working/observation  section.  The  other  pipe 
is  connected  by  a  flexible  hose  to  a  similar  suction  chamber  near  the 
bottom  of  the  fog  chamber.  (This  suction  chamber  will  be  described 
later).  Placed  inside  the  valve,  against  the  bottom  plate,  is  a  6.1  mm 
thick,  14.0  cm  diameter,  plate  made  of  polyethylene  which  provides  low 
friction,  sliding  motion.  Two  holes,  equal  in  diameter  to  those  in  the 
valve  bottom  plate,  are  cut  in  this  inside  plate.  The  holes  in  the 
inside  plate  are  positioned  such  that  when  one  hole  is  lined  up  with  a 
hole  in  the  bottom  plate,  the  other  holes  in  the  inside  and  outside 
plates  do  not  line  up.  In  this  position,  when  suction  is  applied,  all 
of  the  flow  passes  through  one  of  the  bottom  hoses  and  none  through  the 
other.  If  the  Inside  plate  is  rotated  to  the  point  where  half  of  one 
of  the  bottom  plate  holes  Is  open,  half  of  the  other  hole  in  the  bottom 
plate  is  also  open.  In  this  position,  when  suction  is  applied,  half  of 
the  total  flow  passes  through  each  of  the  bottom  hoses.  The  total  flow 
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passing  through  both  bottom  hoses  remains  approximately  constant, 
permitting  a  constant  total  suction  while  the  flow  rate  into  working/ 
observation  section  is  adjusted.  A  brass  shaft,  attached  to  the  Inside 
plate,  extends  through  the  top  plate  and  has  a  handle  attached.  By 
turning  the  handle,  the  inside  plate  is  rotated  and  the  ratio  of  flow 
passing  through  the  two  bottom  hoses  is  varied.  A  spring,  placed 
between  the  Inside  and  top  plates,  keeps  the  inside  polyethylene  plate 
forced  tightly  against  the  bottom  plate,  thus  keeping  the  amount  of 
leakage  between  the  two  plates  to  a  minimum.  A  second  hole,  or  "leak 
valve",  is  located  in  the  side  of  the  valve  which  serves  the  same  pur¬ 
pose  as  the  varlac  on  the  vacuum  cleaner  motor.  A  cover  plate  is  used 
to  vary  the  area  of  the  hole  opening.  It  is  used  to  "leak  off"  a 

controlled  amount  of  flow  so  that  the  total  flow  passing  through  the 

tunnel  can  be  pre-adjusted  to  the  desired  working  range. 

As  was  mentioned  above,  one  hose  connects  the  control  valve  to 
the  top  of  the  vertical  portion  of  the  tunnel  and  the  other  connects 
the  valve  to  the  lower  portion  of  the  fog  chamber.  With  this  arrange¬ 
ment,  the  total  volume  of  air  pulled  into  the  fog  chamber  remains 
constant  and  since  the  rate  of  water  vapor  Injection  into  the  chamber 
is  constant,  the  fog  condition  remains  unchanged  even  if  the  fog  flow 
rate  through  the  working/observation  section  changes.  By  the  time  the 
supercooled  fog  reaches  the  bottom  of  the  fog  chamber,  it  is  well  mixed. 
Therefore,  if  75%  of  the  flow  Is  pulled  from  the  tunnel  at  this  point, 

75%  of  the  moisture  is  also  removed.  The  25%  of  the  flow  pulled 

through  the  working/observation  section  contains  25%  of  the  total 
moisture. 

At  the  point  where  the  suction  branch  from  bottom  of  the  fog 
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chamber  is  located,  a  configuration  similar  to  the  previously  discussed 
suction  chamber  is  used  (Figure  19(a)).  The  dimensions  of  both  are 
identical.  However,  under  normal  use,  an  average  of  75%  of  the  total 
flow  is  drawn  through  the  fog  chamber  suction  branch  and  therefore  75% 
of  the  supercooled  fog.  This  larger  percentage  of  supercooled  fog 
causes  icing,  and  therefore  clogging,  of  the  foam  rubber  divider.  To 
eliminate  this  problem,  a  heater  was  constructed  and  placed  over  the 
fog  chamber  suction  opening.  The  heater  consists  of  high  resistance 
wire  wound  on  a  hardwood  frame  (Figure  19(a)).  Total  resistance  of 
the  heater  is  54  ohms.  Electrical  current  is  supplied  to  the  heater 
through  a  variac  set  of  90  volts.  As  the  resistance  wire  heats,  it 

also  expands.  To  eliminate  the  possibility  of  the  wires  touching  and 
causing  a  short  circuit,  the  wires  were  electrically  insulated  with 
segments  of  fine  glass  tubes.  As  the  supercooled  fog  passes  through 
the  heater,  it  is  wanned  and  the  amount  of  icing  is  greatly  reduced. 

Velocity  Measurement  System 

As  discussed  earlier,  the  flow  speed  required  to  freely  suspend 
an  ice  crystal  at  a  stationary  point  in  the  tunnel  equals  the  fall 
velocity  of  the  ice  crystal.  To  measure  the  crystal  fall  velocity,  it 
is  necessary  to  accurately  determine  the  flow  speed  at  any  vertical 
position  within  the  working/observation  section. 

In  our  tunnel,  the  flow  speed  is  measured  by  a  standard  pitot 
tube  arrangement  (Anderson,  1978).  The  pitot  tube,  oriented  perpendi¬ 
cular  to  the  flow,  senses  the  flow  total  pressure.  The  static  pressure 
orifice,  oriented  parallel  to  the  flow,  senses  the  flow  static  pressure. 
The  pitot  tube  and  static  pressure  ports  are  connected  by  rigid  walled 


Figure  19(a).  Photograph  of  the  fog  chamber  with  suction  chamber. 

(b).  Photograph  of  the  resistance  cylinders  positioned  in  the 
pressure  line  for  velocity  measurement. 
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plastic  tubing  to  an  MKS  Baratron  Type  220B  Electronic  Differential 
Pressure  Manometer.  The  pitot  line  is  connected  to  one  side  of  a  metal 
dlaphram  while  the  static  pressure  line  is  attached  to  the  other  side. 
The  displacement  of  the  metal  diaphram  is  an  indicator  of  the  differen¬ 
tial  pressure.  Electrodes  measure  the  displacement  of  the  dlaphram  and 
provide  an  output  voltage  that  is  calibrated  to  indicate  the  differen¬ 
tial  pressure. 

Small  scale  pressure  variations,  caused  by  the  vacuum  cleaner 
motor,  were  encountered  In  the  wind  tunnel.  This  resulted  in  excessive 
"noise"  in  the  manometer  output  voltage.  One  method  of  damping  such 
"noise"  is  to  increase  the  resistance  in  the  total  and  static  pressure 
lines  (Pankhurst  and  Holder,  1953).  However,  if  too  much  resistance 
were  adopted,  the  manometer  response  would  become  slow.  To  provide  the 
necessary  resistance  to  damp  the  noise  in  our  apparatus,  a  resistance 
cylinder  was  placed  in  each  pressure  line  (Figure  19(b)).  Each 
cylinder  consists  of  a  30.5  cm  long,  3.8  cm  inner  diameter,  acrylic 
pipe.  Glass  wool,  loosely  packed  inside  each  pipe,  was  used  to  provide 
the  necessary  resistance.  A  thin  layer  of  silica  gel  was  also  placed 
in  each  cylinder.  This  layer  assured  the  air  within  each  pressure  line 
remained  dry  and  thus  eliminated  the  likelihood  of  clogging  by  icing. 

Due  to  the  relatively  slow  flow  speeds  required  to  freely  sus¬ 
pend  an  ice  crystal,  placement  of  the  pitot  tube  arrangement  presented 
a  problem.  The  flow  speeds  in  the  working/observation  section  were 
well  below  the  lower  threshold  of  speeds  that  could  be  sensed  by  the 
manometer.  For  this  reason, the  pitot  tube  arrangement  could  not  be 
placed  in  that  section.  Because  of  its  small  cross-sectional  area,  the 
5.7  cm  diameter  pipe  above  the  suction  chamber  was  the  only  location 
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where  the  flow  speeds  were  within  the  range  of  the  manometer  sensor. 
Therefore,  the  pitot  tube  arrangement  was  placed  in  this  location 
(Figure  20(a)). 

Our  original  intent  was  to  convert  the  measured  differential 
pressure  directly  to  the  flow  speed  by  using  Bernoulli's  equation 
(Pankhurst  and  Holder,  1952).  However,  we  found  that  due  to  poor  flow 
conditions  in  the  lower  portion  of  the  pipe  where  the  pitot  tube 
arrangement  was  located,  simple  Bernoulli  equation  conversion  was  not 
accurate.  By  making  smoke  tests,  we  first  confirmed  that  a  one-to-one 
correspondence  did  exist  between  the  differential  pressure  and  the 
actual  flow  speed  through  the  working/observation  section.  Next,  to 
obtain  the  relationship  between  the  manometer  voltage  output  and  the 
flow  speed  in  the  working/observation  section,  additional  smoke  tests 
were  conducted.  A  puff  of  smoke  was  released  in  the  center  of  the 
working/observation  section  near  the  bottom.  A  stopwatch  was  used  to 
determine  the  time  needed  for  the  puff  of  smoke  to  reach  the  top  of  the 
section.  Because  of  the  convergent  shape  of  this  section,  the  flow 
speed  varied  depending  on  the  vertical  position.  An  expression  was 
derived  to  estimate  the  flow  speed  at  an  arbitrary  vertical  position 
out  of  the  experimental  data  (see  appendix).  Figure  21  shows  the 
relationship  between  manometer  voltage  output  and  flow  speed. 

Temperature  Measurement 

To  accurately  measure  the  temperature  of  the  air  flow  in  the 
working/observation  section,  a  copper-constantan  thermocouple  was  placed 
at  various  locations  throughout  the  section.  This  verified  that  the 
supercooled  fog  was  homogeneous  with  respect  to  temperature  throughout 


Figure  20(a).  Photograph  of  the  pitot  tube  arrangement. 

(b).  Photograph  of  the  crystal  sampling  device  in  its 
collective  position. 
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the  working/observation  section.  To  monitor  the  flow  temperature  dur¬ 
ing  each  experiment,  a  thermocouple  was  placed  near  the  top  center  of 
the  working/observation  section,  well  above  the  point  where  the  ice 
crystal  was  suspended,  in  order  not  to  disturb  the  flow.  Due  to  the 
low  flow  speeds  encountered  in  the  tunnel,  the  true  airflow  temperature 
was  accurately  determined  directly  from  the  thermocouple  reading  and  no 
correction  for  the  flow  speed  was  necessary  (Pope  and  Harper,  1966). 

Ice  Crystal  Generation  Chamber 

To  eliminate  the  possibility  of  competition  for  available  mois¬ 
ture  in  the  tunnel  among  the  growing  ice  crystals,  a  separate  chamber 
was  used  for  ice  crystal  nucleation.  The  chamber  consisted  of  a  20 

liter  plastic  jug  with  its  inside  walls  coated  with  flat  black  paint. 
The  chamber  was  illuminated  using  a  bright  microscope  lamp  directed 
through  the  side  of  the  chamber.  A  supercooled  fog  was  produced  inside 
the  jug  by  breathing  into  it.  A  few  seconds  after  the  breathing,  ice 
crystals  were  nucleated  homogeneously  by  the  "popping  bubble"  technique. 
A  small  plastic  bubble  (the  type  often  used  as  packing  material)  was 
popped  inside  the  jog  which,  through  adiabatic  expansion,  caused  homo¬ 
geneous  ice  nucleation.  Within  a  few  seconds  ice  crystals  were  removed 
from  the  jug  with  a  cooking  baster  and  injected  into  the  working/ 

observation  section  of  the  tunnel  through  a  small  hole  in  the  bottom 
center  of  the  front  wall. 

Initially  difficulties  were  experienced  when  transferring  the 
crystals  from  the  ice  crystal  generation  chamber  to  the  tunnel.  In 

order  to  keep  the  crystals  from  subliming  in  the  baster,  the  baster 

interior  had  to  be  coated  with  ice.  This  ice  coating  was  produced  by 
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breathing  into  the  baster  before  it  was  used  to  transfer  the  crystals. 
Crystal  Sampling  Device 

The  method  used  to  capture  and  withdraw  an  ice  crystal  from  the 
tunnel  is  based  on  a  principle  used  by  the  University  of  California  at 
Los  Angeles  (U.C.L.A.)  in  their  wind  tunnel  (Pruppacher,  private  commun¬ 
ication).  The  sampler  consists  of  a  brass  rod  with  a  small  alligator 
slip  attached  to  the  end.  A  round  microscope  slide  cover  glass  coated 
with  oil  is  placed  in  the  alligator  clip.  The  brass  rod  fits  through 
a  three  rubber  stopper  assembly  which  in  turn  fits  into  a  hole  in  the 
right  wall  of  the  working/observation  section.  The  inside  rubber 
stopper  is  hollowed  out  so  that  when  the  sampler  is  not  in  use,  the 
cover  glass  can  be  withdrawn  from  the  chamber  into  the  stopper  assembly 
(Figure  17(a)).  This  assures  that,  during  an  experiment,  unwanted  ice 
crystals  are  not  collected  on  the  cover  glass.  After  the  crystal  has 
been  suspended  and  grown  for  a  desired  period  of  time,  the  sampler  is 
extended  into  the  working/observation  section.  Initially  the  cover 
glass  is  oriented  parallel  to  the  flow  in  order  not  to  disturb  the  flow. 
In  this  orientation,  the  cover  glass  is  positioned  below  the  suspended 
crystal.  The  flow  speed  is  then  reduced  slightly  until  the  ice  crystal 
is  suspended  immediately  above  the  sampler  cover  glass.  The  sampler  is 
then  quickly  turned  so  that  the  cover  glass  is  perpendicular  to  the 
flow  (Figure  20(b)).  A  dead  air  space  results  just  above  the  cover 
glass  and  the  ice  crystal  falls  softly  onto  the  oil  coated  cover  glass. 
The  entire  sampling  apparatus  is  then  removed  from  the  chamber,  the 
cover  glass  removed,  and  the  crystal  prepared  for  study  under  the 
microscope. 
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Data  Recorder 


Voltage  outputs  from  the  electronic  manometer  and  the  thermo¬ 
couple  are  fed  into  a  Yokogawa  Type  3066  Flatbed  Pen  Recorder.  Three 
separate  channels  with  19  voltage  ranges  from  5  yV/cm  to  5  V/cm  are 
available  and  8  chart  speeds  from  60  cm/min  to  2  cm/hr  are  possible. 
We  found  that  a  chart  speed  of  20cm/hr  was  ideal  for  our  use.  The 
thermocouple  voltage  output  is  fed  into  channel  1  with  a  voltage  set¬ 
ting  of  1  mV/cm,  providing  good  resolution  over  the  temperature  ranges 
used  in  our  study.  The  manometer  voltage  output  is  fed  into  channel  2 
with  a  voltage  setting  of  0.1  V/cm,  0.25  V/cm,  or  0.5  V/cm,  depending 
upon  the  fall  velocity  range  of  the  particular  crystal  type  being  grown. 
Channel  3  is  used  as  an  event  marker.  A  9  volt  battery  is  combined  in 
series  with  a  foot-operated  momentary  contact  switch.  By  simply 
depressing  the  switch  for  a  second,  an  instantaneous  9  volt  change  is 
fed  into  channel  3,  which  results  in  a  marker  line  on  the  strip  chart. 
This  data  recording  arrangement  is  excellent  for  our  study,  since  a 
continuous  recording  of  both  flow  speed  and  airstream  temperature  is 
made  throughout  each  growth  experiment.  The  use  of  the  event  marker 
makes  post  data  analysis  easy  and  accurate.  Figure  22(a)  is  a  photo¬ 
graph  of  a  typical  readout. 

One  problem  was  encountered  with  the  use  of  the  flatbed  re¬ 
corder.  The  recorder  is  designed  for  use  only  at  temperatures  between 
+5  to  +40°C.  Therefore,  an  acrylic  box  was  constructed  in  which  to 
enclose  the  recorder.  A  100  watt  light  bulb  is  placed  inside  the  box 
to  provide  illumination  as  well  as  heat  to  maintain  the  temperature 
within  the  recorder  operating  range. 


Figure  22(a).  Photograph  of  a  sample  recorder  readout. 

(b).  Photograph  of  the  crystal  melting  device. 
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Microscope 

A  Nikon  Optiphot  Biological  Microscope  with  Differential  Inter¬ 
ference  Contrast  "NT",  Nomarsky  Prism,  and  automatic  exposure  35  mm 
photomicrograph  attachments  is  used  to  study  and  photograph  the  ice 
crystals  after  they  are  removed  from  the  tunnel.  To  eliminate  any 
possibility  of  the  ice  crystal  melting  during  its  examination  under  the 
microscope,  the  entire  microscope  assembly  is  placed  in  the  environ¬ 
mental  cold  room.  This  presented  a  problem  similar  to  that  encountered 

in  the  use  of  the  data  recorder. 

We  were  advised  by  engineers  from  the  Nikon  Company  that 
prolonged  exposure  of  the  microscope  to  temperatures  below  0°C  could 
severely  damage  the  microscope  lenses  and  prisms.  A  solution  was  found 
by  using  plumbing  heat  tape  (normally  wrapped  around  water  pipes  to 
prevent  freezing).  A  2.75  m  length  of  heat  tape  was  wrapped  around  the 
critical  parts  of  the  microscope.  Cloth  and  foam  rubber  were  then 

wrapped  and  taped  over  the  heat  tape  to  provide  insulation.  The  heat 

tape  is  plugged  into  a  115  volt  electrical  outlet.  A  thermostat  auto¬ 
matically  turns  the  heat  tape  on  when  the  temperature  drops  below  3.3°C. 
The  heat  tape  and  insulation  work  quite  well  in  keeping  the  critical 
components  of  the  microscope  above  0°C,  yet  does  not  excessively  heat 
the  microscope  stage. 

Timer 

In  order  to  time  the  growth  period,  an  accurate  timing  device 
is  required.  We  used  a  General  Electric  spring  operated  darkroom  timer. 
This  timer  is  capable  of  accurately  measuring  time  from  30  seconds  to 
120  minutes.  The  timer  has  an  audio  alarm  that  sounds  at  the  end  of 
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the  desired  time  period.  An  audio  alarm  is  a  must,  since  it  is  nearly 
impossible  to  watch  the  time  while  at  the  same  time  concentrating  on 
the  suspended  ice  crystal. 


Chapter  4 


EXPERIMENTAL  PROCEDURE 
Liquid  Water  Content  Determination 

In  order  to  clearly  describe  the  ice  crystal  growth  environment 
in  our  tunnel,  the  liquid  water  content  of  the  supercooled  fog  in  which 
the  crystals  are  grown  must  be  determined.  The  liquid  water  content  of 
the  supercooled  fog  in  our  chamber  was  measured  by  using  a  glass  tube 
filled  with  grains  of  plaster  of  paris. 

First,  the  grains  of  plaster  of  paris  are  kept  for  several 
hours  just  above  water  in  a  sealed  container  in  order  to  assure  that 
the  plaster  of  paris  is  saturated  with  respect  to  water.  Second,  the 

plaster  of  paris  grains  are  placed  in  a  glass  tube  and  the  tube  and 

contents  are  weighed  to  within  0.1  mg.  Third,  the  tube  of  plaster  of 
paris  grains  is  placed  in  the  cold  room  and  allowed  to  reach  equili¬ 
brium  temperature.  Fourth,  a  known  volume  of  supercooled  fog  is  drawn 
from  the  center  of  the  working/observation  section,  through  the  tube  of 
plaster  of  paris.  Fifth,  the  tube  of  plaster  of  paris  is  allowed  to 

warm  to  the  room  temperature  and  again  weighed  to  within  0.1  mg.  The 

difference  between  the  two  weights  gives  the  liquid  water  content  for 
the  volume  of  air  pulled  through  the  tube  of  plaster  of  paris. 

Liquid  water  content  measurements  were  taken,  at  various  cold 
room  temperatures,  with  the  flow  rate  of  compressed  air  in  the  steam 
generator  held  constant  at  3,325  cc/min.  Figure  23  shows  the  results 
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of  these  measurements.  Since  all  variables  In  the  steam  generator  are 
held  constant  throughout  the  study,  the  graph  accurately  indicates  the 
liquid  water  content  of  the  supercooled  fog  used  in  this  study  as  a 
function  of  cold  room  temperature.  The  liquid  water  content  increases 
linearly  with  decreasing  temperatures . 

Tunnel  Operation 


Preparation 

The  first  step  in  preparing  the  supercooled  cloud  tunnel  for 
ice  crystal  growth  measurements  is  to  attain  the  desired  temperature  in 
the  environmental  cold  room.  Normally  the  desired  temperature  is  set 
on  the  cold  room  temperature  controls  the  evening  before  the  day  the 
experiments  are  to  be  conducted.  This  assures  that  all  parts  of  the 
tunnel  have  cooled  to  the  desired  room  temperature  before  the  experi¬ 
ments  start.  This,  in  turn,  assures  that  no  transient  convective  cur¬ 
rents  are  produced  in  the  tunnel,  which  might  occur,  for  example,  if 
the  chamber  walls  were  significantly  warmer  than  the  air  being  pulled 
through  the  tunnel . 

Appproximately  30  to  40  minutes  before  beginning  an  experiment, 
the  vacuum  cleaner,  all  of  the  tunnel  lights,  and  all  of  the  tunnel 
deicing  heaters  are  turned  on.  This  allows  the  cold  room  u  adjust  to 
the  slight  warming  caused  by  these  heat  sources  and  allows  it  to 
stabilize  at  a  new  temperature  level.  At  the  same  time,  the  steam 
generator  heater  is  turned  on  to  assure  its  water  will  heat  up  to 
32.2°C  before  the  experiment  begins. 


After  the  temperature  of  the  air  passing  through  the  tunnel  has 
stabilized  to  a  constant  value,  the  compressed  air  to  the  steam  genera¬ 
tor  is  turned  on  at  the  pre-determined  flow  meter  setting  (3,825  cc/min 
in  all  of  the  present  experiments).  As  the  steam  from  the  generator 
begins  to  enter  the  fog  chamber,  the  baster,  used  to  transfer  ice  crys¬ 
tals  Into  the  tunnel,  is  coated  with  ice  by  breathing  into  it.  Also  at 
this  time,  the  microscope  cover  glass  used  to  collect  the  crystals  at 
the  end  of  the  experiment  is  coated  with  either  motor  oil  or  3-in-l 
household  oil,  depending  upon  the  temperature.  The  cover  glass  is 
then  placed  in  the  crystal  sampling  device  in  the  pre-collection 
orientation  as  described  earlier.  The  depression  in  a  microscope  slide 
is  filled  with  silicone  oil  at  this  time  also. 

As  the  supercooled  fog  begins  to  pass  through  the  working/ 
observation  section,  the  ice  crystals  have  to  be  nucleated  in  the  ice 
crystal  generation  chamber.  A  supercooled  fog  is  formed  in  the  genera¬ 
tion  chamber  by  breathing  into  it.  After  approximately  30  seconds,  a 
plastic  bubble  is  popped  inside  the  generation  chamber,  resulting  in 
copius  amounts  of  ice  crystals.  The  baster  (volume  of  75  cc)  is  used 
to  transfer  some  of  the  ice  crystals  from  the  generation  chamber. 
These  ice  crystals  are  then  injected  into  the  working/observation  sec¬ 
tion  of  the  tunnel  through  a  hole  near  the  bottom  of  the  front  wall. 
At  this  Instant,  the  timer  is  started  and  the  foot  operated  recorder 
event  marker  switch  is  depressed  for  a  second. 

The  Ice  crystals  are  allowed  to  rise  to  the  holding  position 
(14  cm  square  position)  in  the  working/observation  section.  (This  is 
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at  the  eye  level  when  the  observer  is  in  the  operating  position).  The 
suction  valve  is  then  used  to  adjust  the  flow  speed  in  order  to  keep 
the  crystals  at  this  position.  After  approximately  30  to  90  seconds, 
attention  is  focused  on  a  single  crystal  located  near  the  centerline 
position.  The  flow  speed  is  continually  adjusted  to  keep  this  crystal 
at  the  holding  position.  After  approximately  3  minutes,  only  this 
crystal  remains  at  the  holding  position.  The  flow  speed  must  be  contin¬ 
uously  adjusted  (increased)  in  order  to  keep  the  crystal  at  the  holding 
position  as  it  grows.  As  described  earlier,  the  convergent  design  of 
the  working/observation  section  results  in  an  airflow  pattern  that 
keeps  the  crystal  near  the  centerline  position. 

At  the  end  of  the  desired  growth  period,  the  alarm  on  the  timer 
sounds.  The  foot  activated  recorder  event  marker  switch  is  again 
depressed.  At  the  same  time  the  crystal  sampling  device  is  inserted 
into  the  tunnel,  to  a  position  below  the  crystal,  with  the  collection 
glass  oriented  parallel  to  the  airflow.  The  flow  speed  is  then 
slightly  decreased  to  bring  the  crystal  to  a  position  immediately  above 
the  collection  glass.  The  glass  is  then  rotated  to  an  orientation 
perpendicular  to  the  airflow  and  the  crystal  falls  softly  onto  it.  The 
entire  crystal  sampling  device  is  then  removed  and  the  steam  injection 
into  the  tunnel  stopped  by  turning  off  the  compressed  air  supplied  to 
the  fog  generator. 

Crystal  Preservation,  Examination 
and  Photography 

The  procedure  used  to  preserve  the  ice  crystal  for  study  under 
the  microscope  is  similar  to  that  used  by  Fukuta  et  al.  (1979).  The 
cover  glass,  upon  which  the  crystal  is  caught  in  removing  it  from  the 
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working/observation  section,  Is  either  coated  with  motor  oil  or  3-in-l 
household  oil.  The  motor  oil  is  used  at  temperatures  as  cold  as  -10°C. 
At  colder  temperatures,  the  motor  oil  becomes  too  viscous  and  the  less 
viscous  3-in-l  oil  is  used.  After  removal  from  the  tunnel,  the  cover 
glass  holding  the  crystal  is  removed  from  the  sampling  device  and 
placed,  oil  coated  side  down,  on  a  depression  microscope  slide  filled 
with  Dow  Corning  550  silicone  oil.  Care  must  be  taken  when  performing 
this  procedure  at  temperatures  warmer  than  -7°C.  If  either  the  micro¬ 
scope  slide  or  cover  glass  is  touched  by  the  bare  hand,  the  crystal  is 
immediately  melted  by  the  body  heat.  The  crystal  remains  at  the  inter¬ 
face  of  the  two  oil  layers  since  it  is  denser  than  the  oil  on  the  cover 
slide  and  less  dense  than  the  silicone  oil  on  the  microscope  slide. 

The  microscope  slide  and  cover  glass  are  then  placed  on  the 
microscope  stage.  After  the  ice  crystal  is  located,  it  is  photographed. 
The  cover  glass  is  then  moved  horizontally  with  a  probe  to  produce  a 
shear  at  the  interface  of  the  two  oils.  This  allows  the  crystal  to  be 
turned  so  that  a  photograph  can  be  taken  of  the  side  view  of  the 
crystal.  With  the  above  combination  of  oils,  all  types  of  crystals 
except  for  long  columns  and  large  dendrites  can  be  turned  so  that  both 

the  a-  and  c-axis  can  be  viewed  and  photographed.  Figure  24(a)  and 

(b)  show  photographs  of  ice  crystals  taken  with  this  treatment. 

Figure  24(a)  shows  a  crystal  viewed  from  the  top.  Note  that  from  this 
orientation  it  is  Impossible  to  determine  whether  the  crystal  is  a 
single  plate  or  a  double  plate.  However,  Figure  24(b)  shows  the  same 

crystal  as  viewed  from  the  side.  It  is  obvious  from  this  angle  of  view 

that  the  crystal  is  Indeed  a  double  plate. 

In  order  to  determine  accurately  the  mass  of  the  crystal,  it 


Figure  24.  Photographs  of  ice  crystals  and  water  droplets  using  the 
crystal  preservation  technique. 

(a) .  Top  view;  Growth  time  =  5  min;  Temperature  =  -11.3°C; 

2a  =  0.23  mm  and  0.20  mm. 

(b) .  Side  view  of  crystal  shown  in  (a);  c  =  0.04  mm. 

(c) .  Growth  time  =  9  min;  Temperature  =  -14.8°C;  2a  =  1.6 

ran . 

(d) .  Water  droplets  resulting  after  crystal  shown  in  (c) 

melted. 

(e) .  Growth  time  =  9  min;  Temperature  =  -7/2°C;  2a  =  0.10 

mm  • 


( f) .  One  water  droplet  and  two  air  bubbles  resulting  after 
crystal  shown  in  (e)  melted. 
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must  be  melted.  This  Is  accomplished  by  blowing  a  puff  of  hot  air 
across  the  cover  glass.  A  special  tool  is  used  for  this  (Figure  22(b)). 
A  10  cc  syringe  is  attached  to  the  handle  of  a  soldering  Iron.  Small 
copper  tubing  is  wrapped  around  the  heating  element  of  the  soldering 
Iron  and  Is  attached  to  the  syringe  by  rubber  tubing.  As  air  Is  forced 
from  the  syringe  through  the  copper  tubing.  It  is  heated  adequately  to 
to  melt  the  Ice  crystal.  The  resulting  water  droplet  remains  at  the 
interface  of  the  two  colls  and  also  retains  its  spherical  shape,  a 
necessity  In  order  to  measure  the  true  diameter.  A  photograph  Is  then 
taken  of  the  water  droplet.  Figure  24(c)  shows  a  stellar  crystal. 
Figure  24(d)  shows  the  same  crystal  after  it  has  been  melted.  One 
large  water  droplet  resulted  from  the  central  part  of  the  crystal. 
Six  smaller  droplets  resulted  from  the  branches.  All  seven  droplets 
must  be  measured  to  accurately  determine  the  crystal  mass.  Figure  24(e) 
shows  a  column.  Figure  24(f)  shows  the  same  crystal  after  melting. 
One  large  droplet  resulted.  Also  present  are  two  air  bubbles.  The 
presence  of  the  two  air  bubbles  is  a  unique  feature  of  the  melted 
column  crystal.  Care  nust  be  taken  not  to  consider  these  air  bubbles 
when  determining  the  crystal  mass.  All  the  photographs  taken  of  the 
crystals  and  water  droplets  are  black  and  white. 

Post  Experimental  Procedures 

At  the  end  of  each  experiment,  the  honeycomb  Is  removed  from 
the  supercooled  cloud  tunnel  to  see  If  any  frost  build-up  has  begun. 
If  so,  It  Is  replaced  by  a  frost  free  honeycomb.  Also,  the  baster  and 
rubber  hoses  used  to  transfer  the  crystals  from  the  generation  chamber 
to  the  tunnel  are  flushed  with  dry  air.  This  assures  that  no  ice 
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crystals  that  may  have  stuck  to  the  baster  or  tubing  walls  remain.  The 


tunnel  Is  then  ready  for  the  next  experiment. 

Growth  Periods  and  Temperatures 

Ice  crystals  were  suspended  for  periods  of  4,  5,  6,  7,  8,  9, 
and  10  minutes.  Suspending  crystals  steadily  for  periods  of  less  than 
3.5  minutes  was  very  difficult  because  at  that  point  the  crystals  had 
not  yet  reached  a  fall  velocity  high  enough  to  adequately  develop  the 
"velocity  trap"  In  the  worklng/observation  section.  The  capability 
exists  with  this  tunnel  to  freely  suspend  a  crystal  for  Indefinite 
periods  of  time.  However,  due  to  time  constraints  for  this  study,  10 
minutes  was  chosen  as  the  maximum  growth  period. 

The  wannest  temperature  at  which  crystals  were  grown  was  -3°C, 
while  the  coldest  temperature  routinely  attainable  In  the  environmental 
cold  room  was  -25*0.  Growth  experiments  were  conducted  at  approximately 
2°C  Intervals  within  this  temperature  range. 

Me  found  that  for  this  study  the  best  measurement  routine  was 
to  first  obtain  the  desired  temperature  in  the  environmental  cold  room. 
At  that  temperature,  growth  experiments  were  conducted  for  the  seven 
different  periods  of  time.  The  cold  room  temperature  was  then  changed 
to  another  desired  temperature  and  the  routine  repeated. 


Chapter  5 


RESULTS  AND  OISCUSSION 
Ice  Crystal  Habit 

From  the  large  number  of  Ice  crystals  grown  and  collected,  the 
variation  of  Ice  crystal  habit  with  temperature  was  analyzed.  At 
temperatures  warmer  than  -4.5°C  both  double  and  single  plates  were 
observed. 

In  the  temperature  range  from  approximately  -4.5  to  -7.0°C, 
columns  were  detected.  Six  column  crystals  grown  In  this  temperature 
zone  are  shown  in  Figure  25.  A  feature  unique  to  these  column  crystals 
Is  the  presence  of  at  least  two  air  pockets  In  the  tips  of  each  column. 
These  air  pockets  can  be  observed  In  Figure  25(a),  (c),  (d),  (e),  and 
(f)  as  cone-shaped  cavities  at  each  end.  In  Figure  25(b)  the  air 
pockets  have  a  spherical  shape.  When  the  column  crystals  are  melted, 
the  two  air  pockets  remain,  being  attached  to  the  formed  drop 
((Figure  24(f)).  This  was  observed  in  every  column  grown. 

At  temperatures  near  -9°C  Isometric  crystals  (2a-  and  c-axis 
equal)  were  observed.  Six  of  the  crystals  grown  hear  this  temperature 
are  shown  in  Figure  25.  For  growth  periods  of  four  and  five  minutes  the 
crystal  surfaces  were  relatively  smooth  (Figure  26(e)  and  (f)).  However, 
crystals  suspended  for  more  than  five  minutes  began  to  grow  small 
hexagonal  appendages  on  the  basal  face  at  the  crystal's  comers.  The 
appendages  become  more  pronounced  for  longer  growth  periods  up  to  ten 


83 


Figure  25 


.  Photographs  of  column  crystals.  All  photographs  are  the 
same  scale. 

(a) .  Growth  time  »  9  min;  Temperature  *  -7.2°C;  2a  *  0.10 

mm;  c  3  0.21  mm. 

(b) .  Growth  time  3  8  min;  Temperature  *  -6.7°C;  2a  3  0.07 

mm;  c  3  0.30  mm. 

(c) .  Growth  time  3  6  min;  Temperature  3  -6.9°C;  2a  3  0.05 

mm;  c  3  0.20  mm. 

(d) .  Growth  time  3  8  min;  Temperature  3  -6.9°C;  2a  3  0.07 

mm;  c  3  0.28  mm. 

(e) .  Growth  time  3  10  min;  Temperature  3  -5.6°C;  2a  3  0.08 

mm;  c  3  0.48  mm. 

(f) .  Growth  time  3  9  min;  Temperature  3  -5.4°C;  2a  3  0.07 

mm;  c  3  0.55  mm. 


Figure  26.  Photographs  of  Isometric  crystals.  All  photographs  are  the 
same  scale. 

(a) .  Top  view.  Growth  time  3  10  min;  Temperature  3  -9.5°C 

2a  =  0.17  mm. 

(b) .  Side  view  of  same  crystal  as  shown  In  (a),  c  3  0.14 

mm. 

(c) .  Top  view.  Growth  time  3  8  min;  Temperature  3  -9.1“C; 

2a  3  0.15  mm. 

( d)  .  Side  view  of  same  crystal  as  shown  In  (c).  c  3  0.15 

mm. 

(e) .  Top  view.  Growth  time  3  4  min;  Temperature  3  -8.9°C; 

2a  3  0.09  mm. 

(f) .  Side  view  of  same  crystal  as  shown  in  (e).  c  3  0.07 
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minutes  (Figure  26,  (a),  (b),  (c),  and  (d)). 

Double  plates  were  observed  between  -10.0  and  -12.5°C.  Examples 
of  these  double  plates  are  shown  In  Figures  27  and  24,  (a)  and  (b). 
Double  plates  suspended  for  short  periods  (three  and  four  minutes)  had 
the  2a-ax1s  dimensions  of  each  plate  nearly  equal.  However,  as  the 
double  plates  were  suspended  for  longer  periods  (up  to  ten  minutes), 
the  2a-ax1s  of  one  plate  became  larger  than  that  of  the  other.  The 
double  plates  with  the  top  plate  deformed  Into  a  shape  like  a  bowl  as 
shown  In  Figure  27,  ( c )  and  (d)  were  observed  only  after  growth  periods 
of  eight  minutes  or  more.  These  facts  seem  to  indicate  that  initially 
edge  growth  dominates  to  develop  the  double  plates  of  equal  size. 
However,  after  approximately  four  minutes,  one  plate  begins  to  grow 
faster  than  or  at  the  expense  of  the  other.  This  is  likely  due  to  the 
orientation  of  the  crystal  during  its  free-fall  as  well  as  the  resultant 
aerodynamic  flow  of  supercooled  fog  around  the  crystal.  This  aero¬ 
dynamic  flow  apparently  provides  a  more  favorable  condition  of  growth 
for  the  lower  plate.  Accordingly,  the  vapor  field  near  the  top  plate 
becomes  unfavorable  for  diffusional  growth  and  leads  to  the  growth  of 
commonly  observed  single  plate  later. 

The  majority  of  crystals  grown  in  the  temperature  zone  between 
-13.0  and  -16.0°C  were  dendrites.  Six  of  these  crystals  are  shown  in 
Figures  28  and  24(c).  In  the  warmer  regions  of  this  zone,  the  dendrites 
had  long,  thin  branches  as  In  Figures  28,  (a),  (c),  and  (f),  and  24(c). 
In  the  colder  regions  of  the  zone,  the  dendrites  had  shorter,  thicker 
branches  as  in  Figure  28(b)  and  (d),  until  near  -16°C  where  they  became 
nearly  platelike  as  In  Figure  28,  (e).  In  this  temperature  range,  den¬ 
drites  were  always  observed  after  three  minutes  of  growth,  the  shortest 
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Figure  27 


.  Photographs  of  dougl e-plate  crystals.  All  photographs  are 
the  same  scale. 

(a) .  Growth  time  a  8  min;  Temperature  *  -11.8°C;  2a  *  0.47 

mm  and  0.33  mm. 

(b) .  Side  view  of  sane  crystal  as  shown  In  (a),  c  *  0.04 

mm. 

(c) .  Growth  time  »  9  min;  Temperature  *  -11.6°C;  2a  *  0.55 

mm  and  0.27  mm. 

(d) .  Growth  time  a  10  min;  Temperature  »  -12.1°C;  2a  *  0.66 

mm  and  0.34  mm. 

(e) .  Growth  time  *  6  min;  Temperature  *  -11.9°C;  2a  *  0.33 

mm  and  0.27  mm. 

(f) .  Side  view  of  same  crystal  as  shown  In  { e) .  c  *  0.04 

mm. 
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Figure  28.  Photographs  of  dendritic  crystals,  (a),  (c),  and  (f)  are 
the  same  scale  while  (b),  (d),  and  (e)  are  the  same  but 
larger  scale. 

(a) .  Growth  time  =  9  min;  Temperature  =  -13.2°C;  2a  *  1.17 

mm. 

(b) .  Growth  time  =  6  min;  Temperature  =  -15.3°C;  2a  *  0.68 

mm. 

(c) .  Growth  time  =  7  min;  Temperature  *  -14.8°C;  2a  =  1.12 

mm. 

(d) .  Growth  time  =  6  min;  Temperature  =  -15.9°C;  2a  =  0.57 

mm. 

(e) .  Growth  time  =•  6  min;  Temperature  *  -15.8°C;  2a  *  0.49 

mm. 

(f) .  Growth  time  =  9  min;  Temperature  *  -14.2°C;  2a  =  1.65 

mm. 
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growth  period  in  the  present  study.  This  indicates  that  initiation  of 
dendritic  growth  takes  place  within  the  Initial  three  minutes. 

In  the  temperature  range  between  -16.0  and  -18°C,  vaned  crystals 
were  common.  An  example  of  this  type  of  crystal  is  shown  in  Figure 
29(e)  and  (f).  Figure  29(e)  Is  a  top  view  of  the  crystal.  Figure 
29(f)  is  a  side  view  which  plainly  shows  the  two  small  vanes  protruding 
from  the  basal  face.  A  crystal  may  have  one  small  vane  to  several  large 
ones. 

At  temperatures  between  -18.0  and  -23.0°C,  complex  crystals 
were  observed.  Examples  of  these  are  shown  in  Figure  29,  (a),  (b),  (c), 
and  (d).  A  significant  feature  noticeable  in  these  crystals  Is  the 
presence.  In  the  center  of  the  crystal,  of  an  isometric  crystal.  After 
four  minutes  of  growth,  the  isometric  crystal  begins  to  develop  den¬ 
dritic  branches  from  its  corners  as  shown  in  Figure  29(c).  As  the 
crystal  grows  for  longer  periods  of  time,  the  branches  become  more 
complex  and  better  developed.  This  Is  shown  In  Figure  29(d)  after  six 
minutes  of  growth.  Figure  29(a)  shows  that,  by  nine  minutes  of  growth, 
the  branches  have  become  so  well  developed  and  complex  that  the  isomet¬ 
ric  crystal  nucleus  is  no  longer  easily  identified.  Close  examination 
of  these  branches  revealed  that  they  are  made  up  of  many  thick  hexagonal 
plates,  randomly  attached  to  one  another.  It  was  noted  earlier  in 
Figure  23  that  in  our  experiments  the  liquid  water  content  Increased 
with  decreasing  temperatures.  It  is  probably  that  these  complex  crys¬ 
tals  result,  at  least  partly,  because  of  these  higher  values  of  liquid 
water  content  at  that  temperature  zone.  Their  growth  seems  to  be  attri¬ 
butable  to  the  combined  process  of  vapor  diffusion  and  riming  growth. 
Some  supercooled  water  droplets  collide  with  the  crystal  and  stick. 


Figure  29.  Photographs  of  complex  crystals.  All  photographs  are  the 
same  scale. 

(a) .  Growth  time  a  9  min;  Temperature  *  -22.9°C;  Sphere  of 

best  fit  *  0.35  mm. 

(b) .  Growth  time  «  8  min;  Temperature  *  -18.6°C;  Sphere  of 

best  fit  *  0.37  mm. 

(c) .  Growth  time  a  4  min;  Temperature  *  -21.7°C;  Sphere  of 

best  fit  »  0.16  nan. 

(d) .  Growth  time  *  6  min;  Temperature  *  -21.4°C;  Sphere  of 

best  fit  »  0.26  mm. 

(e) .  Growth  time  *  9  min;  Temperature  »  -16.8°C;  2a  »  0.37 

mm. 

(f) .  Side  view  of  same  crystal  as  in  (e). 
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Next,  each  captured  and  frozen  droplet  begins  to  grow  by  vapor  diffusion 
Into  a  thick  hexagonal  plate.  This  growth  process  may  well  be  a  tran¬ 
sition  stage  of  growth  between  vapor  diffusion  and  riming. 

Crystal  Dimensions 

Figure  30  is  a  graph  of  the  crystal  2a-ax1s,  the  longest  dimen¬ 
sion  on  the  basal  plane,  plotted  with  respect  to  temperature,  for  growth 
periods  of  four,  six,  eight,  and  ten  minutes.  A  2a-ax1s  minimum  Is 
found  near  -7°C,  associated  with  the  columnar  forms  of  crystals  In  this 
temperature  zone.  With  decreasing  temperature,  the  2a-ax1s  increases 
to  a  maximum  near  -15°C  where  the  dendritic  crystals  were  detected. 
With  further  lowering  In  temperature  from  this  point,  the  2a-axis 
decreases  to  a  secondary  minimum  between  -18.0  and  -21.0°C. 

The  relationship  between  the  crystal  c-axis  and  temperature,  for 
growth  periods  of  four,  six,  eight,  and  ten  minutes.  Is  shown  In  Figure 
31.  As  would  be  expected,  this  graph  is  a  near  Inverse  of  the  2a-axis 
vs.  temperature  relationship  shown  In  Figure  30.  A  c-axis  vs.  temper¬ 
ature  relationship  shown  In  Fig.  30.  A  c-axis  maximum  is  found  In  the 
column  temperature  zone  near  -5°C,  a  minimum  In  the  dendrite  temperature 
zone  near  -15.0°C,  and  a  secondary  maximum  near  -19°C. 

Figure  32  shows  the  relationship  between  the  logarithm  of  the 
2a/c  ratio  and  the  temperature.  Negative  values  indicate  the  tempera¬ 
ture  zone  where  column  crystals  were  observed  and  positive  values 
correspond  to  those  for  plates.  The  temperatures  at  which  transitions 
from  plates  to  columns  and  columns  to  plates  occur  are  easily  Identified 
by  the  points  where  the  logarithm  becomes  zero.  Clearly  evident  is  the 
temperature  zone  between  -8.0  and  -9.5®C  where  the  isometric  crystals 


Figure  31 


ce  crystal  c -axial  dimensions  plotted  as  a  function  of  temperature 
different  growth  times  t. 
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discussed  earlier  were  observed.  The  largest  negative  values  are  found 
between  -5.0  and  -6.0°C,  the  temperatures  where  the  longest,  thinnest 
columns  were  observed.  The  largest  positive  values  are  found  between 
-13.0  and  -16.58C,  the  temperatures  where  the  largest  dendrites  were 
observed.  The  logarithm  values  of  zero  at  temperatures  below  -18.5°C 
are  due  to  the  complex  crystals  observed  and  not  for  solid  isometric 
crystals.  Oue  to  their  complex  structure,  a  determination  of  the  exact 
2a-  and  c-axis  dimensions  was  Impossible.  Therefore,  the  diameter  of 
the  sphere  j«3t  large  enough  to  envelope  the  crystal  was  measured  and 
plotted  in  She  graph. 

F1<*,'**e  33  shows  the  variation  of  the  crystal  c-axis  value  with 
respect,  to  growth  time  for  three  temperature  zones.  The  c-axis  values 
increased  linearly  with  respect  to  time  most  rapidly  in  the  temperature 
zone  between  -6.7  and  -7.2°C  where  columns  were  observed  and  most  slowly 
at  temperatures  between  -11.8  to  -12.3°C  where  double  plates  were  found. 

The  same  relationship  Is  shown  In  Figure  34  for  the  crystal  28- 
axis.  In  the  temperature  zones  of  -15.8  to  -16.5°C,  -11.8  to  -12.3°C, 
10.9  to  -U.6°C,  -8.3  to  -9.1°C,  and  -6.7  to  -7.2°C  the  2a-axi$  values 
increased  linearly  with  time.  In  the  temperature  zone  of  -14.6  to 
-15.3°C,  the  2a-axis  value  grew  at  the  increasing  rate  with  increased 
growth  periods.  The  2a-ax1s  value  Increased  the  fastest  in  the  zone 
between  -13.6  and  -15.3°C  where  the  largest  dendrites  were  observed. 
The  2a-ax1s  Increased  at  the  slowest  rate  in  the  temperature  zone  of 
-6.7  to  -7.2°C  where  columns  were  found. 

Growth  Rate 


Figure  35  illustrates  the  relationship  between  ice  crystal  mass 
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time  t  at  different  temperatures  T. 


Figure  35.  Ice  crystal  mass  m  plotted  as  a  function  of  temperature  T  for  different 
growth  periods  t. 


and  temperature  for  growth  periods  from  four  to  ten  minutes  at  one 
minute  intervals.  The  most  obvious  feature  of  the  figure  is  the  strong 
peak  near  -15°C,  associated  with  dendritic  crystals.  This  peak  agrees 
well  with  the  results  of  Ryan  et  al .  (1976)  and  Fukuta  et  al .  (1979), 
who  collected  data  for  growth  periods  of  up  to  150  seconds.  A  secondary 
peak  Is  located  in  the  zone  from  -11.0  to  -12.0°C,  associated  with  the 
double  plates  observed  at  these  temperatures.  This  secondary  peak  is 
well  pronounced  at  the  longer  growth  periods  and  less  pronounced  at  the 
shorter  growth  periods.  This  may  explain  why  this  peak  was  not  evident 
in  earlier  works  where  crystals  were  suspended  for  only  a  short  period 
of  time.  Two  small  peaks  occur  near  -5.0  and  -8.0°C.  The  peak  at 
-8.0°C  corresponds  well  with  the  data  reported  by  Ryan  et  al .  (1976) 
and  Fukuta  et  al .  (1979).  A  peak  is  also  located  at  temperatures  below 
-18.5°C  where  the  complex  crystals  were  observed.  This  peak  may  be 
caused  by  the  higher  liquid  water  content  values  observed  at  these  col¬ 
der  temperatures.  Mass  minima  are  found  near  -6.5°C,  -9.0  to  -10.0°C, 
-12.5  to  -13.5°C,  and  -17.0°C.  The  location  of  all  the  maxima  and 
minima  in  Figure  35  agrees  quite  well  with  those  in  data  observed  by 
Michael i  and  Gal  lily  (1976),  who  suspended  crystals  for  60  and  100 
seconds.  Only  the  relative  magnitudes  of  the  peaks  and  valleys  with 
respect  to  each  other  differ. 

Figures  36  and  37  show  the  relationship  between  crystal  mass  and 
growth  time  at  different  temperatures  above  -11.6°C  and  below  -11.8°C 
respectively.  At  all  temperatures  the  crystals  grow  at  an  increasing 
rate  with  time.  After  the  initial  three  minutes,  crystals  at  tempera¬ 
tures  from  -14.6  to  -15.3°C,  the  dendritic  zone,  grow  at  the  fastest 
rate.  Crystals  at  -6.7  to  -7.2°C,  the  column  zone,  grow  at  the  slowest 


Figure  36.  Ice  crystal  mass  m  plotted  as  a  function  of  growth  time  t  at  differ¬ 
ent  temperatures  T  above  -11.6°C. 
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rate. 

It  has  been  shown  that,  for  simple  Maxwellian  growth  of  a  near 
spherical  Ice  crystal  at  constant  supersaturation,  temperature,  and 
pressure  (vapor  diffusion  growth),  the  mass  of  the  crystal  Is  propor¬ 
tional  to  t1*5  ,  where  t  is  the  growth  time  (Fukuta,  1969  and  1978). 
To  examine  this  relationship,  the  log-log  plotting  of  our  data  was  made 
(Figure  38).  The  graph  shows  that  the  growth  rate  of  crystals  at  -8.3 
to  -9.1°C  and  -10.9  to  11.6°C  is  proportional  to  this  Maxwellian  rate. 
Crystal  growth  rate  at  -11.8  to  -12.3°C  and  -15.8  to  -16.5°C  increases 
only  slightly  faster  than  the  Maxwellian  rate,  however,  ice  crystal 
growth  rate  Increase  a  -6.7  to  -7.2°C  and  -14.6  to  -15.3°C  is  consider¬ 
ably  faster  than  the  Maxwellian  rate.  This  indicates  that  the  crystals 
that  are  nearly  spherical,  like  the  isometric  and  double  plate  crystals, 
grow  at  a  rate  proportional  to  the  Maxwellian  rate  in  the  periods  of 
this  measurement.  Also,  it  suggests  that  the  effect  of  ventilation 
remains  constant  for  those  crystals  under  the  period  of  observation  in 
the  present  experiment.  The  crystals  that  varied  the  most  from  the 
Maxwellian  growth  ratio,  the  large  dendrites  and  columns,  are  the  least 
spherical.  They  also  are  the  type  of  crystal  that  are  affected  the 
most  by  ventilation  as  they  fall.  This  demonstrates  the  importance  of 
the  Interaction  between  the  ventilation  and  the  shape,  in  addition  to 
the  deposition  and  thermal  accommodation  coefficient  effect,  when  numer¬ 
ically  describing  ice  crystal  growth  (Non-Maxwell i an  growth). 

Apparent  Density 


By  dividing  the  measured  mass  of  an  ice  crystal  by  its  volume, 
the  apparent  density  of  the  crystal  was  estimated.  The  crystal  volume 


was  estimated  by  determining  the  volume  of  a  hexagonal  plate  or  column 
which  just  envelopes  the  outer  edges  of  the  actual  crystal.  Due  to 

their  special  structure,  vaned  and  complex  crystals  were  not  considered. 
In  addition,  due  to  the  difficulty  in  measuring  the  c-axis  of  dendritic 
crystals,  they  were  assumed  to  have  a  c-axis  of  0.02  mm  (the  value 
measured  in  the  three  cases  where  a  dendrite  was  viewed  from  the  side). 
Figure  39  shows  the  average  apparent  density  of  crystals  grown  for  five, 
six,  and  seven  minutes  plotted  as  a  function  of  temperature.  A  marked 
maximum  is  located  near  -9.0°C,  the  zone  where  isometric  crystals  were 
observed.  A  pronounced  minimum  is  located  near  -14.0  to  -15.0°C,  the 
temperature  zone  where  dendritic  crystals  were  observed.  A  secondary 
minimum  Is  located  near  -14.0  to  -15.0°C,  the  temperature  zone  where  a 
crystal  mass  minimum  was  observed,  while  the  apparent  density  minima 

are  located  at  temperatures  where  crystal  mass  maxima  were  detected. 
This  data  agrees  very  well  with  that  of  Fukuta  (1969)  for  his  crystals 
grown  for  40-50  seconds.  It  agrees  reasonably  well  with  the  data  of 

Fukuta  et  al .  (1979)  for  their  crystals  grown  for  up  to  80  seconds, 

except  that  their  data  had  the  maxima  and  minima  displaced  1°C  colder 
than  ours. 


Fall  Velocity 


From  the  large  number  of  ice  crystal  fall  velocity  measurements 
taken,  the  effects  of  both  temperature  and  growth  time  on  the  fall  velo¬ 
city  were  studied.  Figure  40  shows  the  crystal  fall  velocity  plotted 
as  a  function  of  the  temperature  for  growth  periods  of  three  to  ten 
minutes.  The  most  obvious  feature  of  this  graph  is  the  pronounced  fall 
velocity  peak  at  -98C,  the  zone  where  isometric  crystals  were  observed. 


Ice  crystal  fall  velocity  v  plotted  as  a  function  of  temperature  T  for  dif 
ferent  growth  periods  t. 


A  second  peak  Is  observed  at  -17.Q*C,  the  zone  of  vaned  crystals,  while 
a  third  peak  located  near  -21°C,  is  associated  with  the  complex  crystals. 
It  should  be  noted  that  the  velocity  peak  at  -9.0°C  Is  nearly  equal  In 
magnitude  to  the  peaks  at  -17.0  and  -21®C,  even  though  the  Ice  crystals 
grew  at  -9*C  under  conditions  with  less  liquid  water  content  (Figure 
23).  If  the  liquid  water  content  was  kept  at  a  constant  value  for  all 

measurements,  the  peak  at  -9.08C  would  be  the  fall  velocity  peak  of 

highest  magnitude.  Fall  velocity  minima  are  located  at  -15.0°C,  the 
zone  of  dendritic  crystals,  and  -5.0“C,  the  zone  of  column  crystals. 

As  was  noted  by  Fukuta  et  al .  (1979),  the  crystal  fall  velocity 
maxima  were  not  associated  with  crystal  mass  peaks  as  might  be  expected. 
Instead,  they  were  observed  at  the  same  temperatures  as  the  mass  minima. 
However,  in  comparing  Figure  40  with  Figure  39,  it  Is  apparent  that  the 
fall  velocity  peak  at  -9.0°C  is  found  at  the  temperature  where  an  appar¬ 
ent  density  peak  exists.  This  demonstrates  the  relationship  among  the 

Ice  crystal  spatial  form,  the  mass  growth  rate  and  the  fall  velocity. 

Large  columns  and  dendrites  experience  extensive  aerodynamic  resistance 
because  of  their  spatial  form  and,  therefore,  have  a  slow  fall  velocity. 
Isometric  crystals  experience  a  minimum  of  aerodynamic  resistance 
because  of  their  near  spherical  form  and  have  a  fast  fall  velocity. 

Figure  41  gives  the  ice  crystal  fall  velocity  plotted  as  a  func¬ 
tion  of  growth  time  for  different  temperatures  wanner  than  -11.0*C. 
Figure  42  shows  the  same  relationship  for  various  temperatures  colder 
than  -12.6*C.  Easily  recognizable  Is  the  slow-down  effect  of  the  fall 
velocity  development  for  the  columns  (-5.2*0  and  dendrites  (-15.2*0. 
In  both  cases,  especially  after  five  minutes  of  growth,  the  crystal 
shape  begins  to  significantly  affect  the  crystal  fall  velocity. 


Figure  41.  Ice  crystal  fall  velocity  v  plotted  as  a  function  of  growth  time 
for  different  temperatures  warmer  than  -11.0°C. 


Ice  crystal  fall  velocity  v  plotted  as  ajunction 
different  temperatures  colder  than  -12.6°C. 
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Conversely,  the  near  Isometric  crystals  (-9.5  to  -9.6°C)  continue  to 
accelerate  at  approximately  a  constant  (linear)  rate. 

Fall  Behavior 

While  the  Ice  crystals  were  being  freely  suspended  In  the  super¬ 
cooled  fog  stream,  their  behavior  was  closely  observed.  The  easiest 
crystals  to  suspend  were  dendrites  and  large  single  plates.  These  crys¬ 
tals  were  oriented  In  the  tunnel  with  their  basal  surface  perpendicular 
to  the  stream.  At  the  same  time,  the  crystals  rotated  about  their 
vertical  axis.  As  the  fall  velocity  became  larger,  the  speed  of  rota¬ 
tion  Increased.  Due  to  their  large  basal  surface  and  the  resultant 
high  aerodynamic  resistance,  these  crystals  were  very  stable  in  the 
vertical  direction,  responding  Immediately  to  the  slightest  changes  in 
the  flow  speed.  In  addition,  because  of  their  symmetrical  shape,  their 
stability  In  the  horizontal  plane  was  also  very  good  and  the  crystal 
remained  at  the  tunnel  centerline. 

Double  plates  were  only  slightly  more  difficult  to  suspend  than 
the  dendrites  and  large  single  plates.  Their  orientation  and  rotation 
characteristics  were  the  same  as  the  dendrites  and  large  single  plates. 
However,  due  to  their  smaller  basal  surface,  they  did  not  respond  quite 
as  fast  to  changes  In  flow  speed.  Their  horizontal  stability  was  about 
the  same. 

Columns  were  also  reasonably  easy  to  suspend.  These  crystals, 
however,  were  oriented  with  their  prism  surface  perpendicular  to  the 
alrstream.  In  this  orientation,  they  rotated  horizontally  about  an 
axis  perpendicular  to  the  prism  plane.  The  faster  the  flow  speed,  the 
faster  was  the  speed  of  rotation.  Their  stability  In  the  vertical 
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direction  was  slightly  less  than  that  for  the  double  plates.  The  hori¬ 
zontal  stability  was  nearly  the  same. 

Isometric  crystals  were  more  difficult  to  suspend.  Due  to  their 
small  aerodynamic  resistance,  they  reacted  much  more  slowly  to  flow 
speed  changes  than  the  previously  discussed  crystals.  However,  since 
they  were  nearly  symmetrical,  they  did  remain  In  the  zone  near  the 
tunnel  centerline.  Approximately  half  of  the  Isometric  crystals  were 
oriented  with  the  basal  surface  perpendicular  to  the  airflow  while  the 
other  half  had  their  prism  surface  perpendicular  to  the  flow.  It  was 
not  possible  to  determine  If  their  crystals  rotated  while  suspended. 

The  vaned  crystals  were  the  most  difficult  to  suspend  in  the 
supercooled  fog.  During  approximately  the  first  five  to  six  minutes  of 
growth,  the  vaned  crystals  behaved  as  regular  dendrites  or  plates. 
However,  after  this  period  of  growth,  they  became  very  unstable  in  the 
horizontal  direction.  At  this  point,  the  crystals  became  nearly 
impossible  to  hold  at  the  tunnel  centerline.  As  they  randomly  moved  to 
various  positions  In  the  horizontal  plane,  it  became  very  difficult  to 
keep  the  crystal  suspended  at  the  14  cm  square  position  of  the  working/ 
observation  section  of  the  tunnel.  This  instability  is  likely  caused 
by  the  presence  of  the  vanes  protruding  from  the  crystal  basal  surface. 
After  five  to  six  minutes,  the  vanes  have  grown  to  a  size  where  they 
significantly  disrupt  the  aerodynamic  characteristics  of  the  crystal. 


Chapter  6 


CONCLUSIONS 

In  the  process  of  developing  a  new  supercooled  cloud  tunnel  cap¬ 
able  of  freely  suspending  an  Ice  crystal  for  extended  periods  of  time, 
a  number  of  new  developments  were  made.  By  using  this  new  supercooled 
cloud  tunnel,  many  ice  crystal  growth  measurements  were  conducted  for 
periods  well  beyond  the  periods  previously  possible  in  the  laboratory. 
The  main  contributions  are  listed  below. 

Apparatus  Development 

Using  the  principle  of  simultaneously  measuring  ice  crystal 
mass,  fall  velocity,  apparent  density,  and  shape  and  size,  first 
attempted  by  Fukuta  (1969),  and  extending  the  capability  of  the  super¬ 
cooled  cloud  tunnel  used  by  Fukuta  et  al .  (1979),  a  new  supercooled 
cloud  tunnel  was  designed,  built  and  tested  successfully  for  suspending 
crystals  for  much  longer  periods  of  time  than  previously  possible.  The 
main  features  of  the  newly  developed  supercooled  cloud  tunnel  are  as 
f ol 1 ows : 

1.  A  fog  chamber  with  four  vertical  sections  is  used  to  make 
the  supercooled  fog  homogeneous  with  respect  to  temperature 
and  droplet  concentration  and  number. 

2.  A  honeycomb  section  is  applied  to  develop  the  laminar  super¬ 
cooled  fog  flow  necessary  to  freely  suspend  ice  crystals. 


117 

The  honeycomb  is  designed  to  be  removable  in  order  to  keep 
it  from  icing. 

3.  A  new  design  of  working/ observation  section,  converging  from 
bottom  to  top,  is  developed  to  obtain  maximum  stability  in 
both  the  horizontal  and  vertical  direction.  With  this 
design,  it  Is  possible  now  to  freely  suspend  an  ice  crystal 
in  the  supercooled  fog  airstream  for  indefinite  lengths  of 
time. 

4.  The  suction  chamber,  placed  above  the  working/observation 
section.  Insures  that  the  flow  is  drawn  evenly  across  the 
entire  cross-section  of  the  working/observation  section. 

5.  The  moisture  for  the  supercooled  fog  is  stably  supplied  by 
a  specially  designed  steam  generator.  The  amount  of  super¬ 
cooled  fog  produced  is  determined  and  held  constant  by 
regulating  the  volume  of  compressed  air  flowing  into  the 
generator. 

6.  The  flow  speed  of  the  supercooled  fog  through  the  working/ 
observation  section  is  controlled  by  a  specially  designed 
valve,  which,  at  the  same  time,  maintains  the  total  flow 
and  fog  characteristics  through  the  tunnel  constant. 

7.  The  flow-speed  through  the  tunnel  is  measured  by  a  pitot 
arrangement  attached  to  an  electronic  manometer.  The  mano¬ 
meter  output  is  displayed  on  a  flatbed  recorder  to  allow 
for  real-time  monitoring  and  later  analysis. 

3.  Temperature  Is  continuously  measured  by  a  thermocouple  whose 
output  is  also  displayed  on  the  flatbed  recorder. 

9.  A  method  is  used  to  collect  and  preserve  the  ice  crystals 
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for  observation  and  photographing,  both  from  the  top  and 
side.  After  melting,  the  resulting  water  droplets  remain 
in  their  spherical  shape,  allowing  accurate  mass  determina¬ 
tion. 


Main  Findings 

Using  the  new  supercooled  cloud  tunnel,  ice  crystals  were  sus¬ 
pended  for  three,  four,  five,  six,  seven,  eight,  nine,  and  ten  minutes 
at  various  temperatures  between  -3.0  and  -22.0°C.  The  main  findings 
are  listed  below: 

1.  Ice  crystal  habit:  >4.5°C,  single  and  double  plates;  -4.5 
to  -7.0°C,  columns;  -9.0°C,  isometric;  -10.0  to  -12.5°C, 
double  plates;  -13.0  to  -16.0°C,  dendrites;  -16.0  to 
-18.0°C,  vaned;  -18.0  to  -23.0°C,  complex. 

2.  Mass:  A  pronounced  mass  maximum  was  observed  at  -15.0°C. 
Secondary  maxima  were  observed  near  -5.0,  -8.0,  -11.5,  and 
-21.0°C.  Minima  were  found  near  -6.0,  -9.0,  and  -17.0°C. 
Ice  crystals  in  the  temperature  zones  from  -3.3  to  -9.1°C 
and  from  -10.9  to  -16.6°C  grew  proportional  to  the  simple 
Maxwellian  rate.  At  other  temperatures,  growth  rates  were 
faster  than  the  simple  Maxwellian  rate.  Crystals  grew  the 
fastest  at  temperatures  from  -6.7  to  -7.2°C  and  from  -14.5 
to  -15.3°C. 

3.  Crystal  apparent  density  was  calculated.  A  maximum  was 
observed  near  -8.5°C  while  minima  were  noted  near  -5.5  and 


-14.5°C. 
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4.  From  crystal  fall  velocity  measurements,  the  most  pronounced 
feature  observed  was  a  maximum  at  -9.0°C,  associated  with 
the  isometric  crystals.  Minima  were  observec  near  -5.0°C, 
associated  with  large  columns,  and  -15.0°C,  associated  with 
dendrites.  Secondary  maxima  were  noted  at  -17.0  and  -20.5°C. 

5.  At  temperatures  between  -18.0  and  -23.0°C  and  liquid  water 
contents  between  1.25  and  1.50  g/m3,  complex  crystals  were 
observed.  These  crystals  seem  to  have  developed  from  a 
process  that  combined  riming  and  vapor  diffusion  growths. 
They  consisted  of  isometric  crystals  at  the  center  with 
complex  branches,  made  up  of  several  randomly  connected 
thick  hexagonal  plates  extending  radially  outward  in  all 
directions. 

Possible  Future  Applications 

Since  the  new  supercooled  cloud  tunnel  provides  the  capability 
to  freely  suspend  an  ice  crystal  for  indefinite  periods  of  time  and  also 
can  accurately  control  the  liquid  water  content,  many  possible  future 
applications  are  foreseen.  A  few  of  these  applications  are  listed 
below: 

1.  Using  the  same  experimental  procedures  that  were  used  in 
this  study,  Ice  crystals  should  be  grown  for  even  longer 
periods  of  time. 

2.  8y  holding  the  temperature  at  which  a  crystal  is  grown  con¬ 
stant  and  changing  the  liquid  water  content  of  the  super¬ 
cooled  fog,  the  growth  of  a  crystal  in  different  types  of 
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clouds  may  be  simulated. 

3.  Due  to  the  capability  of  holding  an  Ice  crystal  freely  sus¬ 
pended  within  1-2  cm2  of  the  same  location,  the  possibility 
exists  of  taking  time-lapse  movie  pictures  of  the  crystal 
to  more  accurately  observe  and  record  Its  fall  behavior. 

4.  By  Increasing  the  period  of  crystal  suspension  and  carefully 
changing  the  liquid  water  content,  an  accurate  determination 
of  the  riming  threshold  for  different  types  of  crystals  may 
be  possible. 


APPENDIX 


EXPRESSION  FOR  FLOW  SPEED  CALIBRATION 

From  the  sketch  of  the  working/observation  section  shown  In 
Figure  Al,  it  can  be  seen  that 

b  -  a  =  £  .  (Al) 

y  -  a  x 

Rearranging  and  solving  equation  (Al)  for  y  yields 

y  -  a  +  !>i±  x  .  (A2) 

c 


From  the  continuity  of  flow,  the  product  of  the  cross-sectional  area  at 
any  point  in  the  working/observation  section  and  the  flow  velocity,  v, 
at  the  same  point  is  constant;  i.e., 

y^v  *  C  .  (A3) 


Substituting  equation  (A2)  Into  equation  (A3)  and  solving  for  v  results 
in 


Since 


v 


(A5) 


equation  (A4)  becomes 
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Integration  of  equation  (A6)  over  the  limits  of  distance  from  0  to  c 
and  time  for  0  to  tfc  yields 

C  =»  c  (b2  +  ab  +  a2)  .  (A7) 

Ttb 

Substitution  of  equation  (A7)  Into  equation  (A4)  gives 

3  2  2 

Y  »  c  (a  +  ab  +  b  )  .  (A8) 

^b  (ac  +  (b-a)x)2 

In  equation  <A8) ,  the  values  for  a,  b,  and  c  are  dimensions  of  the 
working/observation  section,  tb  Is  the  time  required  for  a  parcel  of 

air  to  travel  from  the  AF  plane  In  the  section  to  the  CD  plane.  This 

time  Is  measured  during  the  smoke  tests.  The  value  for  x  Is  the  dis¬ 
tance  measured  from  the  AF  plane  to  the  position  where  the  velocity 
determination  Is  desired.  For  all  of  our  experiments,  the  velocity 
calibration  was  made  for  the  14  cm  square  position  In  the  working/ 
observation  section,  since  this  was  the  position  where  the  crystals 
were  suspended.  Therefore,  the  values  for  equation  (A8)  are  as  follows: 
x  =  38.2  cm 
a  3  9.6  cm 
b  *  18.0  cm 


c  *  72.8  cm 
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